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ABSTRACT
An experimental study was carried out to investigate stress-accelerated grain boundary
oxidation of Incoloy 908. Incoloy 908 is under consideration as the conduit material for
the CICC magnet coils to be used in ITER. Extreme susceptibility to SAGBO requires
that the magnet coils be heat-treated in an inert argon environment.
Constant AK fatigue tests were performed on Incoloy 908 over a range of oxygen
concentrations and loading frequencies at 650*C, with the aim to effectively "shut off'
SAGBO by adjusting the loading frequency.
SAGBO, evidenced by intergranular cracking, occurred at all oxygen concentrations
tested at low frequency. Enhanced crack growth rates correlated with the intergranular
crack paths. At high frequencies (-2Hz), all oxygen concentrations, with the exception
of air, showed a transgranular crack path. The corresponding crack growth rates
approximated those at room temperature. When the frequency was changed from high to
low, the fracture path immediately changed from transgranular to intergranular.
Thesis Supervisor: Ronald G. Ballinger
Title: Professor of Materials and Nuclear Engineering
Thesis Supervisor: Kenneth C. Russell
Title: Professor of Materials and Nuclear Engineering
2
TABLE OF CONTENTS
I. IN TR O D U C T IO N ........................................................................... 11
A . C IC C M agnet............................................................................. 11
B . A lloy C hem istry .......................................................................... 11
C . S A G B O .................................................................................... 13
D. Residual Stresses in Incoloy 908 Conduit............................................ 13
II. LITERATURE REVIEW.................................................................. 15
A . Fracture M echanics...................................................................... 17
B. Mechanisms of High Temperature Fatigue in Gaseous Environments............ 17
B .1. G aseous Interactions............................................................................... 18
B .1.1. SA G BO M echanism s.................................................................. 19
B. 1.2. Embrittlement Phenomena.................................. 
................ 21
B.2. Slip and Grain Boundary Sliding.............. .............................. 24
B.2.1. Planar Slip ................................................. 24
B.2.2. Grain Boundary Sliding..................................................... 25
C . SA G B O B ehaviour....................................................................... 26
C. 1. High Temperature Fatigue Crack Growth in Air versus Vacuum........................... 26
C.2. High Temperature Fatigue in Air versus Other Gaseous Environments.................... 28
C.3. Effects of Frequency on High Temperature Fatigue........................................... 30
C.4. Effects of Oxygen Partial Pressure on High Temperature Fatigue........................... 33
C.5. Intergranular Oxidation............................................ 
.... ........... 37
C.6. Grain Size................................................................................... 40
D . R em edies for SA G BO ................................................................... 41
D .1. Chem istry M odifications............................................... 
........................ 42
D .2. M icrostructure M odifications.................................................................... 43
E. Mathematical Modeling of SAGBO................................................... 43
E.1. Kinetic Model..................................... 
............ 45
E.2. G rain Boundary D iffusion......................................................................... 47
E.3. Damage Superposition and Grain Boundary Diffusion....................................... 50
E.4. Oxidation M odel....---------------.. ----------------............................................. 52
E.5. Embrittlement Model.................................... 
. .................. 54
F. Examples of High Temperature Fatigue Crack Growth............................. 54
F. 1. Inconel Superalloys-....... -----------------------.-----.--......................................... 54
F.2. Udimet 500.......................................... 
........ ........... 56
3
III. EXPERIMENTAL PROCEDURES.................................61
A . Sp ecim en s................................................................................. 6 1
A.1. Specimen Design................................................... 61
A .2. Fatigue Precracking................................................................................ 62
B . Experim ental Setup...................................................................... 62
B. 1. Test Chamber Setup................................................. 62
B.2. Oxygen Environment and Temperature......................................................... 65
C . D C PD Technique......................................................................... 67
C.1. Theory.......................................... 
................ 67
C.2. Procedure.................................................................... 68
C.3. Numerical Method...................................................71
D . M icrohardness Tests..................................................................... 72
E. Fatigue Tests............................................................. 
............ 73
E. 1. Specimens in Air.................................................................... 73
E.2. Specim ens in Oxygen Environm ent.............................................................. 74
F. Scanning Electron Microscopy....................................... 75
F.1. Topography......................................-.-.............. 75
F.2. Morphology ....................................................... 75
IV . R E SU L T S ................................................................................... 77
A . M icrohardness Tests..................................................................... 77
B. Fatigue Crack Growth Rates............................................................ 78
B .1. Specim ens in A ir.................................................................................... 78
B.2. Specim ens in Oxygen Environm ent.............................................................. 81
C . Fractography .............................................................................. 83
C . 1. Specim ens in A ir.......................... .. --.................................................. 83
C .l.1. T opography .............................................................................. 83
C .1.2. M orphology ....................... ... ................................................ 83
C.2. Specimens in Oxygen Environment...................................... 83
C.2.1. Topography................................................ 83C.2.2. Morphology................................................97
V . D ISCU SSIO N ............................................................................... 103
A . Crack G row th R ates..................................................................... 103
B . Fractography .............................................................................. 104
C. Modeling of Fatigue Behaviour...................................105
VI. CONCLUSIONS....... ......................................................... 108
V II. FU TU R E W O RK .......................................................................... 109
APPENDICES...................................................110
R E FE R E N C E S ................................................................................... 155
4
LIST OF ILLUSTRATIONS AND FIGURES
Figure:
1. Sheath processing steps in the fabrication of an ICSS magnet coil.
2. Incoloy 908 sample jacket.
3. The residual stress for the three principal orientations of the CS coil jacket.
4. Schematic variation of da/dN with AK.
5. Schematic comparison of SAGBO mechanisms.
6. Comparison of crack growth rates in Inconel 718 and a Ni-I 8Cr-i 8Fe ternary
alloy.
7. Grain boundary cracking in Udimet 700 at 760'C.
8. Schematic illustration of how interplay between grain boundary sliding and
boundary pinning can lead to embrittlement in the mid-temperature range.
9. Typical fracture surfaces in air and vacuum at 650'C.
10. Fatigue crack growth rates in air and vacuum for Inconel 718 at 650'C.
11. Fatigue crack growth data for Inconel 718 at 650'C in different gaseous
environments.
12. Scanning electron micrographs of fractures in hydrogen and air.
13. Fatigue crack growth rates for Inconel 718 at 650*C in air and helium.
14. Fatigue crack growth rates versus frequency at AK=40MPaIm.
15. Fatigue crack growth rates for Inconel 718 as a funtion of frequency at
650 0C.
16. Scanning electron fractographs for Inconel 718 at different frequencies.
17. Schematic of the crack growth mechanisms for time-dependent, mixed and
cycle-dependent crack growth regimes in air.
18. Fatigue crack growth rates at 650 0C as a function of oxygen partial pressure
for Inconel 718 and Alloy N18.
19. Fatigue crack growth rates of Inconel 718 as a function of the oxygen partial
pressure and frequency.
20. Schematic representation of the different couplings on the stepped curve.
Page Number:
12
14
14
18
21
23
24
26
27
28
29
31
31
32
32
34
34
35
37
38
5
21. Microstructure and environment effects on fatigue crack growth of Inconel
718 at 650 0C.
22. Schematic illustration showing different types of fatigue fracture behaviour 41
and the corresponding fractographs for different grain sizes and stress levels.
23. Fatigue crack growth rates for overaged Inconel 718 tested in air at 750'C. 43
24. Variations of the oxygen diffusivity of grain boundaries with loading 50
frequency and AK for Inconel 718.
25. Zheng and Ghonem model; a comparison between experimental and 51
calculated da/dN versus AK values.
26. Standard error function distribution used to describe oxygen diffusion ahead 52
of a crack in a semi-infinite body.
27. Frequency and oxidation effects on fatigue crack growth rates of Inconel X- 55750 at 650 0C.
28. Crack propagation mode in Inconel X-750 at 6500 C. 55
29. Frequency and oxidation effects on fatigue crack growth rates of IN792+Hf 57
at 750 0C.
30. Frequency and oxidation effects on fatigue crack growth rates of 713LC at 57
750 0C.
31. Frequency and oxidation effects on fatigue crack growth rates of ODS MA 57
6000 at 850 0C.
32. Fatigue fracture surfaces of the ODS MA 6000 Alloy fatigued in air at 10Hz 57
and 0.0 1Hz.
33. Ridge development in Udimet 500 after 25 loading cycles at 815 0 C. 59
34. Profile of oxide intrusion (surface ridge) for Udimet 500. 59
35. Profiles of oxide ridge in Udimet 500. 60
36. Compact tension (CT) specimen. 61
37. Complete experimental setup. 63
38. Schematic and photograph of experimental chamber. 64
39. Recommended wiring for CT specimens. 65
40. DCPD experimental setup. 69
6
40
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.
56.
57. Fractograph of Incoloy 908 specimen in 1000ppm
Fractograph of Incoloy 908 specimen in
Fractograph of Incoloy 908 specimen in
Crack path morphology
Crack path morphology
Crack path morphology
Crack path morphology
Crack path morphology
Crack path morphology
Crack path morphology
Crack path morphology
Crack path morphology
Crack path morphology
for Incoloy
for Incoloy
for Incoloy
for Incoloy
for Incoloy
for Incoloy
for Incoloy
for Incoloy
for Incoloy
for Incoloy
908
908
908
908
908
908
908
908
908
908
I000ppm
1 000ppm
specimen
specimen
specimen
specimen
specimen
specimen
specimen
specimen
specimen
specimen
oxygen at 650'C.
oxygen at 650'C.
oxygen at 650*C.
in precrack region.
in 1 Oppm oxygen.
in 10, 42ppm oxygen.
in 42ppm oxygen.
in 42ppm oxygen.
in 100ppm oxygen.
in 1000ppm oxygen.
in 1000ppm oxygen.
in 1000ppm oxygen.
in 1000ppm oxygen.
Load versus time.
Vicker Microhardness versus heat-treatment time at 650 0C.
Yield strength, calculated from Vicker's Microhardness.
Crack length versus cycles for Incoloy 908 tested in air at 650*C.
Fatigue crack growth rates for Incoloy 908 in air at 650 0 C.
Fatigue crack growth rates for Incoloy 908 in oxygen at 6500 C.
Fatigue crack growth rates for Incoloy 908 in oxygen at 6500 C versus
frequency.
Fractographs of Incoloy 908 at 650*C in air.
Crack path morphologies of Incoloy 908 in air at 650 0 C.
Fractograph of Incoloy 908 at 650 0C in lppm oxygen.
Top view of Incoloy 908 specimen tested in oxygen at 650 0 C.
Precrack region of specimen tested in oxygen.
Fractographs of Incoloy 908 specimen in I0ppm oxygen at 650*C.
Fractograph of Incoloy 908 specimen in 42ppm oxygen at 650*C.
Fractograph of Incoloy 908 specimen in 42,100ppm oxygen at 650'C.
Fractograph of Incoloy 908 specimen in 100 and 1000 ppm oxygen at 650*C.
7
70
77
78
79
80
82
82
84
85
86
87
89
90
91
92
93
94
95
96
98
99
99
99
100
100
100
101
101
102
58.
59.
60.
61.
62.
63.
64.
65.
66.
67.
68.
69.
70. Crack path morphology for Incoloy 908 specimen in I000ppm oxygen.
71. Crack growth rates of Incoloy 908 versus oxygen concentration for different 104
frequencies.
72. Fatigue crack growth rates versus frequency at 1 000ppm oxygen compared 106
to Achter model.
73. Logarithm of fatigue crack growth rates versus frequency for 1 Oppm and 107
100ppm oxygen data.
8
102
LIST OF TABLES
Table:
1. Compositions (atomic percent) of three COTE Incoloy Superalloys.
2. Alloy chemistry of nickel-base superalloys.
3. Transition pressures for nickel alloys.
4. Inconel 718 conventional and overaged heat-treatments.
5. ATS,1 7C Temperature Control System Paramters.
6. Microhardness data.
7. Crack growth data for specimens in air at 650'C.
8. Crack growth data for specimens in oxygen environments at 650'C.
Page Number:
13
16
36
42
66
77
79
81
9
ACKNOWLEDGEMENTS
Professor Ron Ballinger, Thesis Supervisor
Professor Ken Russell, Thesis Supervisor
Engineer Pete Stahle
Engineer Rick Latish
Nuclear Engineering Department
Nuclear Materials Group
10
I. INTRODUCTION
Incoloy 908 is a high strength, low coefficient of thermal expansion (COTE) iron-
nickel base superalloy that was developed jointly by The Massachusetts Institute of
Technology and the International Nickel Company for cryogenic service. Incoloy 908 is a
proposed structural material for the high magnetic field Nb3Sn superconducting magnets
of the International Thermonuclear Experimental Reactor (ITER). Of particular concern
is the susceptibility of this alloy to stress-accelerated grain boundary oxidation (SAGBO).
A. CICC MAGNET
The "cable-in-conduit-conductor" or CICC magnet design consists of a brittle
Nb3Sn superconducting cable enclosed in an Incoloy 908 conduit that is wound into a
coil. The CICC assembly is fabricated with enough free volume to allow pumping of
liquid helium through the conduit for cooling. Nb3Sn is extremely strain sensitive, the
source of this strain stemming from the contraction of the conduit material when the
CICC structure is cooled from the heat treatment temperature of 923K down to an
operating temperature of 4.2K. Therefore, a low COTE alloy is fundamental in the
magnet design.
Nb3Sn exhibits essentially zero fracture ductility; therefore, the magnet is formed
by the "wind-then-react" method. First, an annealed sheath is formed around the
superconductor cable in its precursor form, usually a wire composite consisting of
niobium mesh or filaments in a pure copper matrix along with a source of tin, as shown in
Figure 1.2 Then the sheath is welded and the conduit and cable are formed into a square
cross-sectional geometry. The conduit is then wound into its final shape and heat-treated
at 923K for 240h, such that the Nb3Sn forms by a solid-state reaction between the
niobium and tin.1' 2' 3
B. ALLOY CHEMISTRY
Table 1 shows the composition of Incoloy 908, along with Incoloy 903 and
Incoloy 905.1
11
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Figure 1. Sheath processing steps in the fabrication of an ICCS magnet coil. From Morra.2
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Table 1. Compositions (atomic percent) of three COTE Incoloy Superalloys.
Ti + Al
Alloy Fe Cr Ni Co Nb Ti Al Mo Mn C Si Nb
903 42.0 --- 37.2 14.6 1.85 1.68 1.92 0.30 0.21 0.14 1.94
905 46.2 --- 48.4 0.32 2.94 1.93 0.09 --- 0.05 0.05 0.69
908 41.8 4.53 47.5 --- 1.87 1.84 2.33 --- 0.09 0.05 0.35 2.23
The chemistry of Incoloy 908 is similar to the other alloys, although there are
some fundamental differences. Given that Incoloy 908 is to be used in a fusion reactor,
and would be subject to neutron flux, it cannot contain any cobalt. The increased
aluminum and reduced titanium contents increase the (Ti + Al)/Nb ratio as compared
with Incoloy 905. This change was to promote y' [Ni3(Al, Ti)] as the strengthening
precipitate. Chromium was added to the alloy to improve corrosion resistance. Due to its
adverse effect on the thermal expansion coefficient, 4.5 atomic pct was considered the
upper limit for chromium.'
C. SAGBO
A more serious consequence of the compositions of low COTE Superalloys is
their susceptibility to SAGBO. The term "stress-accelerated grain boundary oxidation"
originated with the work of McMahon and Coffin, and applies to a subclass of the general
environmental degradation phenomena termed stress corrosion cracking (SCC). 45
SAGBO is the synergistic effect of high temperature, stress - either residual or applied,
and the presence of oxygen. SAGBO is characterized by a loss of tensile ductility,
intergranular cracking accompanied by oxide scale, dramatic increases in crack growth
rates and ultimately severe degradation in life." 2 ,4
In the case of Incoloy 908, for SAGBO to occur the following conditions must be
met: the temperature must be in the range 723-1123K, the stress must be about 200MPa,
and there must be oxygen present - even as little as 0. 1ppm. 3
D. RESIDUAL STRESSES IN INCOLOY 908 CONDUIT
Tsuchiya et al. performed a study on the conduit to determine the depth of
internal residual stress in the Incoloy 908 conduits. The internal residual strain was
determined by neutron diffraction, and residual stresses were calculated by Hooke's law.
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Figure 2 defines the four regions A-D where measurements were made. The thickness of
the regions is about 4.5mm.3
Figure 3A-D show the residual stress ax, ay and a, in the regions A-D,
respectively. The value of Omm in depth corresponds to the outer surface of the sample.
The positive value of the residual stress signifies tension, while the negative value,
compression. Figure 2C indicates that two of the directions exceeded 200MPa, which is
considered to be the residual stress limit of the SAGBO condition. 3
Given that high temperatures and residual stresses are unavoidable in the "wind-
then-react" process, if Incoloy 908 is to be used, the magnet coils must be heat-treated in
an oxygen-free environment, possibly in an argon environment.6 Otherwise, the heat-treat
environment is ideal for the promotion of SAGBO. Mechanisms and remedies for
SAGBO will be discussed in the Literature Review.
B Cu wire
C
~z
A D
I * D
- - Incoloy 908
- - '
-- ( -, - Sample Jacket
All dimensions
are in mm
Figure 2. Incoloy 908 sample jacket.
From Tsuchiya et al.3
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II. LITERATURE REVIEW
SAGBO and the fatigue crack growth behaviour of nickel base superalloys have
been a subject of research for over 30 years. As such, the literature available on these
topics is extensive. The following topics were surveyed for this literature review: the
mechanisms of SAGBO, SAGBO behaviour, mathematical models involving the
embrittlement and oxidation of metals, and the high-temperature fatigue crack growth
behaviour of a few nickel-base superalloys in oxygen-containing environments.
It is well known that at high temperature, fatigue crack growth rates are increased
by the simultaneous action of fatigue damage and time dependent mechanisms, such as
corrosion or, more specifically, oxygen embrittlement. These mechanisms can
dramatically modify the expected fatigue behaviour and complicate the extrapolation of
the laboratory data to the service condition of interest. It is, thus, necessary to investigate
the effect of time dependent processes on high temperature crack growth in order to
evaluate allowable flaw sizes, to improve residual life prediction methods, and to
improve the overall fatigue resistance of the material.7
Table 2 provides the chemistry for many of the nickel base superalloys discussed
in this review. By far, the most extensively studied alloy has been Inconel 718, which is
used in gas turbines and nuclear reactors.
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Table 2: Alloy compositions in weight percent
Alloy Fe Cr Ni Co Ti Al Mo Mn Nb Ta C Si B Zr Other
Inconel 718 18.0 17.9 bal. 0.4 0.94 0.5 3.0 0.22 Nb+Ta=5.2 0.03 0.16 --- --- 0.011 P, 0.005 S
Inconel 783
Inconel --- 12.4 61 9 4.5 3.1 1.9 --- --- 3.9 0.12 --- 0.02 0.10 1.0 Hf, 3.8 W
792+Hf
Inconel 713 LC --- 12 75 --- 0.6 5.9 4.5 --- 2.0 --- 0.05 --- 0.01 0.10
Inconel X-750 7 15.5 73 --- 2.5 0.7 0.5 --- 1 --- 0.04 0.2 --- ---
Incoloy 903 40.9 --- 38.0 15.0 1.40 0.90 0.50 0.20 3.00 --- 0.03 --- --- ---
Incoloy 903A bal. --- 37.5 14.0 1.6 0.02 --- --- Nb+Ta=5.0 0.1 --- --- ---
Incoloy 905 44.4 --- 48.9 0.33 1.59 0.04 --- 0.05 4.70 --- 0.01 --- --- ---
Incoloy 908 40.8 4.12 48.7 --- 1.54 1.10 --- 0.09 3.04 --- 0.01 0.17 --- ---
Udimet 500 --- 18.6 bal. 18.7 3.01 3.04 4.53 0.01 --- --- 0.08 0.12 --- 0.013
ODS MA 6000 --- 15 69 --- 2.5 4.5 2.0 --- --- 2.0 0.05 --- 0.01 0.15 1.1 Y20 3, 4.0 W
IN738 --- 16 bal. 8.3 3.49 3.4 1.74 --- 0.81 1.7 0.1 --- 0.011 0.06 2.6 W
A. FRACTURE MECHANICS
The application of linear elastic fracture mechanics and small-scale crack tip
plasticity has provided the basis for describing the phenomenon of fatigue crack
propagation. Under fatigue loading conditions, the driving force for crack growth is
primarily the cyclic stress range, and the equation can be written as:
AK = CAor4 Equation I
Here, AK is the stress intensity factor range, Acy is the cyclic tensile stress range
(=max-cmin), a is the crack length, and C is a constant, which is a function of crack and/or
specimen geometry. In the absence of environmental considerations, a large number of
alloys obey the relationship:
da
= C'AK" Equation 2
dN
where da/dN is the crack growth per cycle, n is an empirical constant, and C' is a
material-sensitive constant. This equation is generally referred to as the Paris Law, and
describes behaviour for mid-range crack growth rates, as shown in Figure 4.9 In this
mid-range region, in the absence of environment, failure typically occurs by a
transgranular ductile striation mechanism, and there is generally little influence of
microstructure and mean stress, which is characterized by the load ratio R (=Kmi/Kmax),
on the crack growth rates.
B. MECHANISMS OF HIGH TEMPERTURE FATIGUE IN GASEOUS
ENVIRNMENTS
There is no one unifying picture of how the environment may influence fatigue
crack propagation, although it is generally assumed that the effect is a coupling between
mechanical factors and a chemical interaction at the crack tip.9 Elevated temperature
fatigue is a complex problem because it involves a large number of additional factors
such as strain rate or frequency, waveform signal, hold time and environmental factors
17
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Figure 4. Schematic variation of fatigue crack growth rates
(da/dN) with stress intensity range (AK). From Ritchie. 9
which all have a strong influence on fatigue behaviour.9 Metals and alloys
exposed to gaseous environments such as oxygen or water vapor generally show
accelerated fatigue crack growth, accompanied by intergranular cracking, when
compared to experiments conducted in vacuum or inert gases. Typically there is a critical
partial pressure of oxygen below which fatigue resistance is unaffected by environment,
as well as an upper partial pressure above which increasing partial pressures of the
gaseous species do not further reduce fatigue resistance.9,13, 33
Pineau suggested the following three major mechanisms to explain the transition
from transgranular to intergranular cracking in a high temperature fatigue crack growth
environment,: 1) creep cavitation, 2) gaseous interactions, and 3) modification in slip
character and grain boundary sliding as a function of temperature and strain rate.' 0 Creep
cavitation typically applies to lower strength, highly ductile materials, such as austenitic
stainless steels and will not be covered in detail here.
B.1. Gaseous Interactions
The specific mechanisms for how the gaseous species act to reduce fatigue
resistance are generally attributed to bulk oxide interference with slip processes, or
surface energy reduction at the crack tip due to gas-phase adsorption. If stress, high
temperature and oxygen are all present, the oxidation mechanisms fall under the title
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"Stress-Accelerated Grain Boundary Oxidation" (SAGBO). These mechanisms, as well
as embrittlement phenomena, will be covered in more detail in the following sections. A
survey of oxidation effects on cyclic life at elevated temperatures for a number of
different alloys was done by Ericsson.
B.1.1. SAGBO Mechanisms
Two mechanisms have been suggested to account for stress-accelerated grain
boundary oxidation of nickel base superalloys in high temperature oxygen environments.
The first was proposed by McMahon and Coffin, who assumed that oxidation of grain
boundaries preceded crack growth.2, 2,3 ,4 ,5 , 6 The second was proposed by Bricknell
and Woodford, who assumed that oxygen embrittlement of grain boundaries preceded
crack growth.2 ,14,1 5 ,16,1 7 The term SAGBO was originally used only for the first
mechanism, but now often refers to the phenomenon itself, regardless of the mechanism
that causes it.
Grain boundaries provide a preferred path for oxide penetration and cracking for
many reasons: they are regions of high defect concentration due to mismatch of the
contiguous crystal lattices and thus provide a rapid diffusion path; they are regions rich
in the strongly oxidizable elements aluminum, titanium and chromium in the forms of y'
and metal carbides; and a grain boundary can act as a site of stress concentration for
externally applied loading. This is due to the plastic anisotropy of the grains, i.e. the fact
that shear by slip can occur only on certain planes and in certain directions and it tends to
be concentrated in bands.' 2
The observed enhancement of oxidation by stress could be due to a number of
factors, such as: disruption of surface integrity by the emergence of dislocations, increase
in chemical potential of atoms in a shear stress field, enhancement of local atom mobility
due to dislocation concentrations, or expansion of a crack under tension which provides
room for formation of less-dense oxides.12
B. 1.1 a Oxidation Precedes Crack Growth
The following mechanism, proposed by McMahon and Coffin, assumes short-
range oxygen diffusion.' 3 An oxide forms at the crack tip, with the formation of wedge-
19
shaped oxide intrusions along the crack front, formed preferentially down grain
boundaries. The presence of this oxide, under the restricted concave crack tip geometry
would result in high stresses, which could be transmitted to the material. One of the
wedges in the grain boundary intersections then cracks and parts in tension. Oxygen
diffuses to the new crack tip, the oxide reforms further along the grain boundary, and the
process is repeated, resulting in intergranular crack growth.12,15 ,16,17,1 8 It was this
mechanism that McMahon and Coffin originally dubbed "SAGBO". This mechanism is
shown schematically in Figure 5a.4'14,
18
B. 1.1 b Embrittlement Precedes Crack Growth
Bricknell and Woodford developed the following mechanism based on a study of
the stress-rupture behaviour of superalloy IN 903A. They determined that grain
boundaries were embrittled far ahead of any visible oxidation, and attributed the cause to
long-range oxygen diffusion. First, oxygen penetrates the crack tip material along rapid
diffusion paths, such as slip planes and grain boundaries.' 5 The boundary is embrittled
by oxygen penetration in the near-surface region, possibly by the formation of brittle
phases, solute segregation, and/or by the removal of strengthening precipitates. This
results in inhibition of sliding and migration of the grain boundaries, thus reducing their
ability to relieve local stresses built up during deformation.171"8
The embrittled boundary then fails in tension and the free surfaces produced are
oxidized. Oxygen diffuses down the boundary at the head of the crack, embrittling the
next segment and the process is repeated. This mechanism is shown schematically in
Figure 5b.4' 4'15' 7
A study by Molins et al. showed that as long as a positive strain rate was applied
to the material in the presence of oxygen, oxygen embrittlement occurred, even if this
oxygen was available for only 10 seconds. The damaging process stopped when the
strain rate was reduced to zero. The fact that the embrittling process was immediate
suggested that the mechanism was not due to the formation and subsequent cracking of
20
McMahon and Coffin
Grain Dmaday
a. Intergranular oxygen diffusion
b. Grain boundary oxidizes
c. Oxide breaks in =cWxion
(a)
Brickneil and Woodford
2 
Grais Boudary
a. Intergranular oxygen diffusion
b. Embeittled grain boundary segment
c. Grain boundary cracks in tension
d. Exposed grain boundary oxidizes
(b)
Figure 5. Schematic comparison of stress accelerated grain boundary oxidation cracking
mechanisms proposed by (a) McMahon and Coffin, and (b) Bricknell and Woodford. From
Morra.4
an oxide scale, as this would be expected to take longer than the measured crack
growth rates. 19
B.1.2. Embrittlement Phenomena
Identifying the mechanism(s) of embrittlement in superalloys is complicated by
the presence of matrix and grain boundary precipitates, the composition changes of the
alloys with time, and the presence of a large number of alloying and impurity elements
which may be responsible for chemical reactions or solute segregations at the grain
boundaries. Therefore, Bricknell and Woodford did a study on pure nickel to better
establish the damaging species. They determined that all grades of nickel suffer from
21
embrittlement and intergranular fracture following oxygen exposure, with a severe loss in
ductility around 800'C. This paralleled the behaviour of nickel base superalloys. 20,2 1
Woodford and Bricknell went on to suggest that embrittlement of nickel base
alloys results from at least three chemical reactions: 1) the reaction of oxygen with
residual carbon or metal carbides to form high pressure CO and CO2 gas bubbles within
grain boundary cavities,2 1,22 2) the formation of stable intergranular internal
oxides,13,16,22,23 and 3) the release of sulfur from oxidized surfaces.' 5' 2 '
B. 1.2a CO/CO2 Gas Bubble Mechanism
Bricknell and Woodford determined that the gas bubble reaction was the principal
221,22embrittling process in Ni270, a commercially pure nickel.20' ' Since most nickel base
superalloys contain carbides precipitated at grain boundaries, and since preferential attack
of grain boundary carbides, especially primary carbides (MC), can take place under
oxygen exposure, they proposed that oxygen would react with these carbides to produce
carbon dioxide and carbon monoxide. This would, in turn accelerate the creep
mechanism for cavity nucleation and growth, which occurs in an inert environment.
However, it was demonstrated by Chen and Wei that the viability of the pressure
mechanism for oxygen assisted cavitation and crack growth was not applicable to nickel-
based alloys. 17,23
Chen and Wei did a study on a Ni- 18Cr- 1 8Fe ternary alloy that was free of
niobium and other strengthening elements such that the effects of carbides and nickel,
chromium and iron could be examined. They determined that the crack growth rates of
the alloy showed almost no influence of oxygen, as compared to the nearly four orders of
23
magnitude increase in Inconel 718 (see Figure 6). Upon closer examination it was
determined that grain boundary cavitation was involved in the crack growth process.
Grain boundary cavities did not form in the material in the unstressed state. If the
pressure mechanism proposed by Bricknell and Woodford did operate, then cavity
growth and, consequently, crack growth rates should have been accelerated.22 23 This
suggested that the pressure mechanism was not viable in the temperature range tested
(600-700'C). Furthermore, Dyson pointed out the fact that the formation of CO2 is
22
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Figure 6. Comparison of crack growth rates in Inconel 718 and a
Ni-18Cr-18Fe ternary alloy. From Chen and Wei.
impossible in chromium-containing nickel base superalloys, since the oxygen potential is
controlled by formation of Cr2O3.16,
2 3
B. 1.2b Internal Oxide Formation
Chen and Wei determined that niobium played a principal role in Woodford and
Bricknell's "internal oxidation" mechanism for embrittlement and crack growth
enhancement. The Ni- 18Cr- 1 8Fe ternary alloy experienced an absence of
environmental sensitivity which suggested that the oxidation of nickel, chromium and
iron had little or no effect on crack growth. The absence of niobium and corresponding
insensitivity to oxygen, as compared to the niobium-containing Inconel 718, which
experienced considerable environment sensitivity, lent support to the deleterious effect of
niobium.2 3
Furthermore, it was shown by Gell and Duquette that the microstructure of the
grain boundary ahead of a crack is changed by oxidation. 24 Not only are internal oxides
formed, but for a distance ahead of the crack the region is depleted of oxide forming
elements. Figure 7 shows the oxide just ahead of a crack in the nickel base superalloy
Udimet 700 (dark phases).24 At further distances from the crack the region is denuded of
the strengthening y' precipitate (light etching area) because aluminum and titanium
23
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Figure 7. Grain boundary cracking in Udimet 700 at 760
0 C.
From Gell and Duquette.
diffused out of the region to form oxide. As a result of oxidation, the crack in the next
period will propagate into a region containing changed chemical and mechanical
properties.24
B.l.2c Sulfur Release
The third embrittlement reaction, the release of sulfur onto the grain boundaries,
has not been widely studied in relation to high temperature fatigue crack growth of nickel
base superalloys in oxygen environments. Iacocca and Woodford did suggest that
oxygen penetration during high-temperature air exposure led to internal oxidation of
sulfides, thereby releasing sulfur onto the grain boundaries.2 1 A study by Floreen and
Kane also confirmed the severe deleterious effect of sulfur on the fatigue life in the nickel
base superalloy Inconel 718.15
B.2. Slip and Grain Boundary Sliding
B.2.1. Planar Slip
The influence of slip character is important in nickel base superalloys.
Qualitatively, it is a measure of the degree to which dislocations tend to disperse during
24
plastic deformation. Materials exhibiting planar slip are those in which dislocations
remain in planar arrays. Typically, an increase in temperature tends to disperse slip more
uniformly within grains. However, for many nickel base superalloys, the slip character
tends to remain planar, resulting in inhomogeneously distributed deformation. This
inhomogeneity favours intergranular cracking and increased crack growth rates.
Improving the homogeneity in grain deformation typically improves crack growth
resistance. 10
The change in crack growth rate with frequency may be due to sensitivity to strain
rate. At lower frequencies, the lower strain rates may change the deformation
mechanisms, allowing, for example, planar slip modes to operate which may promote
more rapid crack growth. A more planar slip behaviour may magnify the effect of an
aggressive environment. 25
B.2.2. Grain Boundary Sliding
It is known that slip occurs at the temperatures of embrittlement, and it is also
expected that grain boundary sliding would be an important deformation mode at high
temperatures. If the accommodation for this grain boundary sliding is supplied by slip, at
some stage there will be a sufficient buildup of dislocation debris in the near boundary
regions to impede or "pin" the boundaries, preventing further accommodation. Once this
has occurred, wedge-shaped cracking at grain boundary triple points, leading to rapid
intergranular failure, is to be expected. However, if grain boundary mobility is allowed,
either as local migrations, or in a more massive form leading to dynamic recrystallization,
then these damaged regions near grain boundaries can be removed and further
accommodation for sliding permitted.
In the case of pure nickel, at low temperatures, there is little grain boundary
sliding, and air and vacuum-exposed samples behave similarly. As the temperature is
raised, grain boundary sliding becomes significant, and the air-exposed samples, whose
boundaries are pinned, become embrittled and fail by intergranular fracture.2' At the
highest temperatures these boundaries gain sufficient thermal energy to overcome the
source of pinning, and ductility is again restored. The process is shown schematically in
Figure 8.1020
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Figure 8. Schematic illustration of how interplay between grain boundary sliding
and boundary pinning can lead to embrittlement in the mid-temperature range. From Bricknell
and Woodford.20
One would expect far less grain boundary sliding in superalloys with the presence
of grain boundary carbides and y'. However, since migration over short distances may be
all that is required to remove the damaged regions, a reduction in grain boundary
precipitates may prove successful in resisting intergranular fracture.' 0 ,20
C. SAGBO BEHAVIOUR
SAGBO can manifest itself in low COTE nickel base superalloys as low tensile or
stress rupture ductilities and a loss in mechanical properties in the mid-temperature range,
but the effect is most stringently measured by its contribution to fast crack growth in a
corresponding intergranular fracture mode. 14,27
The following is a discussion on the factors that influence the SAGBO
phenomena. Such factors include crack growth in air and various gaseous environments
versus vacuum, the effects of frequency, partial pressure, intergranular oxidation and
grain size.
C.1. High Temperature Fatigue Crack Growth in Air versus Vacuum
The main differences between high temperature fatigue in air and vacuum are as
follows: 1) crack growth rates under the air environment can be several orders of
magnitude faster than under vacuum, 2) the crack path can change from transgranular
26
Figure 9. Typical fracture surfaces in (a) air, and (b) vacuum at 650 0C. From Andrieu et al.'3
under vacuum to intergranular under air conditions, and 3) loading frequency effects as
well as microstructural effects disappear under vacuum.19 Figure 9 shows typical fracture
surfaces in both air and vacuum at 650 0C for Inconel 718. Figure 9a is an example of
intergranular fracture, which shows grain facets and secondary intergranular cracks.
Figure 9b is an example of transgranular fracture, which typically has a wavy appearance
with ductile striations.
13
,
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Figure 10 shows the fatigue crack growth rates in air and vacuum for Inconel 718
at 650'C.13 From this plot, it is clear that the fatigue crack growth rates in air are
27
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Figure 10. Fatigue crack growth rates in air and vacuum
for Inconel 718 at 650'C. From Andrieu et al. 3
considerably higher than in vacuum. The growth rate at high temperature in vacuum
corresponds closely with the rate observed at room temperature, indicating a lack of
environmental contributions to the growth rate process when the transgranular fatigue
mode dominates.17,25
Sadananda and Shahinian summarized the fatigue crack growth behaviour in high
temperature air and vacuum environments for a number of different nickel-base alloys.29
C.2. High Temperature Fatigue in Air versus Other Gaseous Environments
Floreen and Kane did a study on the effects of various gaseous environments on
Inconel 718 at high temperature.' 5 Fatigue crack growth rates in air were found to be
significantly higher than helium, nitrogen, hydrogen and hydrogen + 2% methane. See
Figures 1 la and 1 b. 5 The effects of helium + 5% water vapour and helium + I00ppm
oxygen are shown in Figure 1 Ic. These environments also produced crack growth rates
intermediate between air and helium, with the helium + 5% water vapour being the
slightly more aggressive of the two. It was suggested that oxygen produced by the
reaction between the water vapour and the alloy are responsible for the increased crack
growth rates.1 5
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In Figure IId, the results for hydrogen + 5% water vapour and air + 5% water
vapour are shown. The hydrogen + 5% water vapour results were intermediate between
those obtained in air and in helium. The air + 5% water vapour data appeared identical to
the results in air. Figure lIe shows the results of testing in air + 0.5% SO 2 and air + 5%
SO 2 environments. Here, at lower AK values the growth rates were close to tests in air
alone. At higher AK values the crack growth rates in the sulfur-containing environment
climbed above the curve for air. The 5% SO 2 environment was more aggressive than
0.5% SO2.15'25,29
In the nonaggressive environments crack growth was entirely transgranular. Well
defined striations could usually be seen on the fracture surfaces, as shown in Figure 12a,
which was taken from the specimen tested in hydrogen. The striation spacings were
approximately equal to the crack growth rates. Figure 12b, taken from the specimen
tested in air, showed a mixture of intergranular and transgranular cracking.' 5 Typically,
the specimens in the sulfur environments showed a mixture of intergranular and
transgranular cracking, although no striations were detected. This was possibly due to
the SO 2-induced inhibition of localized plastic flow normally associated with
transgranular fracture.' 5
The reason for the presence of transgranular cracking in the aggressive
environments was not clear. Two possible explanations for the transgranular cracking
are: 1) accelerated diffusion of an aggressive species into slip planes, such that
transgranular cracking rates can keep pace with intergranular cracking, and 2) the
transgranular cracking was the fracture of ligaments left behind the more rapidly
advancing intergranular fractures.15
C.3. Effects of Frequency on High Temperature Fatigue
In general, the effect of reducing the cyclic frequency is to increase the fatigue
crack growth rate, and this is associated with an increased time per cycle for chemical
reaction and oxygen diffusion. It is evident that frequency is a critical variable and can
give an indication of the operative mechanisms in the corrosion fatigue process.3 0
For Inconel 718 in a helium environment, as the frequency was decreased, the
fatigue crack growth rate only increased slightly, as shown in Figure 13a. In the air
30
Figure 12. Scanning electron micrographs of fractures: (a) in hydrogen - 800x,
and (b) in air - 240x. From Floreen and Kane.'5
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Figure 13. Fatigue crack growth data for Inconel 718 at 650 0 C. From Floreen and Kane.
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environment, the fatigue crack growth rate increased substantially as frequency
decreased, as shown in Figure 13b.25 Similar to other high strength superalloys, the
frequency effects for Inconel 718 are only observed at elevated temperatures, not room
temperature. Figure 14 summarizes the results for Inconel 718 in air and helium at
65O*C. 25,31
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Figure 14. Fatigue crack growth rates versus frequency at AK=40MPa4m. From
Floreen and Kane.
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Figure 15. Fatigue crack growth rates for Inconel 718 as a function of frequency at
R=O. 1, T=650*C and Kma=27.8 and 40MPalm. From Weesooriya and Venkataraman.17
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Figure 15 is a plot of crack growth rates versus test frequencies in air at 650'C at
two different Kma values.17 Also given are data in vacuum at 1Hz and room temperature
air data. This plot shows three distinct regimes of crack growth behavior: an
environmentally controlled time-dependent regime, a fatigue controlled cycle-dependent
regime, and a mixed (or environmentally enhanced cycle-dependent) regime. These
regimes directly correspond to the three different fracture surfaces shown in Figure 16
and the corresponding mechanisms of crack growth depicted in Figure 17. In Figure 16a,
from the environment-controlled regime, crack growth occurred intergranularly. In
Figure 16c, from the cycle-controlled regime, cracks grew transgranularly aided by the
plastic slip process (dislocation glide along the slip planes) at the crack tip region. In
Figure 16b, crack growth occurred by a mixture of these two methods, and hence the
crack path was a combination of transgranular and intergranular cracking. Note the
secondary intergranular cracks. 17,32
Below 0.0 1Hz in Figure 15, the slope of the da/dN-frequency curve was close to
-1, suggesting that the crack growth rate was essentially time-dependent.
C.4. Effects of Oxygen Partial Pressure on High Temperature Fatigue
Inconel 718 showed a sharp transition in crack growth rates at 10-3mbar (0.75 x
10-4torr, or approximately 0.3ppm) from 10~7m/cycle to approximately 10-4m/cycle, as
shown in Figure 18a.33 Alloy N 18 also showed a sharp transition at approximately the
same pressure, from 10-6m/cycle to 5 x 10-4m/cycle, as shown in Figure 18b. 3 This
transition pressure has been observed in a number of alloys with approximately the same
chromium content. These data were based on a trapezoidal loading cycle (1 Os loading,
300s hold time at maximum load, and 10s unloading) at 6500C. 33
For both alloys the transition was independent of AK, and the crack propagation
mode changed from transgranular at pressures below 0.75mtorr to intergranular at
pressures above 0.75mtorr. For both higher and lower oxygen partial pressures, the crack
growth rate was independent of the pressure. 19'33
A selective oxidation process was identified in Inconel 718. It was determined
that at pressures lower than 10~4 torr, the first oxide to form was chromium oxide. At
33
higher pressures, i.e. greater than 10-2 torr, the first oxide to appear was a nickel base
oxide. Therefore at very low oxygen pressures, given the passivating properties of
chromium oxides, a low crack growth rate was expected, as shown in Figure 18a.19'33 The
oxide formation will be discussed further in Section C.5.
(a) Ub) (c)
f 0.001 Hz f =05 Hz f 10 Hz
Figure 16. Scanning electron fractographs of typical Inconel718 fracture surfaces in air for (a) time-
dependent (0.001Hz), (b) mixed (0.5Hz), and (c) cycle-dependent (10Hz). T=650*C, Kmax=40MPa~m.
From Weerasooriya and Venkataraman. 7
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Figure 17. Schematic of the crack growth mechanisms for time-dependent, mixed and cycle-dependent
crack growth regimes in air. From Weerasooriya and Venkataraman.17
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Figure 18. Fatigue crack growth rates at 650*C as a function of oxygen partial pressure under constant
AK: (a) Inconel 718, AK=20 & 28MPadm, and (b) Alloy N18, AK=55MPalm. From Andrieu et al.33
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Figure 19 shows the variation of the crack growth rate as a function of the oxygen
partial pressure for different frequencies.1 9 Two other testing frequencies were chosen,
0.05Hz and 0.5Hz, with triangular wave shapes. The transition in crack growth rate
occurred at the same oxygen partial pressure, 0.1 Pa. A plateau was reached for both the
10-300-10 cycle and the 0.05Hz cycle, but not for the case of 0.5Hz. Each test showed
three stepped regions. Note the enhanced crack growth rates for the frequency which
included a 300s hold time.'9,28 2 9 Other materials have demonstrated the same stepped
phenomenon. The transition pressures (from transgranular to intergranular) for a number
of nickel alloys are listed in Table 3.19
Table 3: Transition pressures for nickel alloys.
Material Transition Pressure
(Torr)
Inconel 718 0.75mtorr at 650'C
N18 0.75mtorr at 650'C
316 stainless 0.75mtorr at 800*C
Ni 0.75mtorr at 550*C
Ni-5Cr 1.5 x 10-5 torr at 6500 C
Ni-20Cr 1.5 x 10~4 torr at 6500 C
Ni-30Cr none at 650'C
All of the alloys, i.e. 718, 316 stainless and N18 contained about the same amount
of chromium, approximately 22 weight percent, therefore the bottom three binary alloys
were developed with different chromium concentrations in order to investigate the
chromium effect. A transition was noted for all but Ni-30Cr, suggesting that the
transition pressure was a function of chromium concentration. As the chromium
concentration increased, the corresponding oxygen transition pressure increased.
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Figure 19. Fatigue crack growth rates for Inconel 718 as a function of the oxygen
partial pressure and frequency. From Molins et al.19
C.5. Intergranular Oxidation
The dramatic crack growth transitions in Figures 18 and 19 can be attributed to
oxide formation. R. Molins et al. conducted an elemental linescan analysis on Inconel
718 and N18 specimens, which were fatigued in air at 650'C for 10 hours to produce an
intergranular fracture surface.'
9
'
33
The fatigued samples had an outer scale which was identified as a nickel-based
oxide, iron-rich for Inconel 718 and cobalt-rich for NI 8. Therefore, in the oxidation
assisted crack growth domain, the first oxide to appear was nickel-based. Later, a
protective fine grain subscale was formed, which was identified as Cr 20 3 in both alloys.
This step corresponded to the passivation of the alloys.13' 19
In Inconel 718, it was noted that some of the hardening precipitates from the alloy
disappeared. This was assumed to be caused by the depletion of the chromium in the
matrix, causing the dissolution of Ni3(Ti, Al) and Ni3Nb. Indeed, niobium and titanium
were present in the chromia scale at the oxide/metal interface. These chemical changes
in the bulk near the oxidized surface lead to local mechanical softening, resulting in
modified mechanical behaviour in the oxidation affected zone. 13"19' 33
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Therefore, the dramatic environmental effects encountered in these nickel base
superalloys causing the transition from transgranular to intergranular cracking can be
attributed to the combination of local heterogeneous slip distribution and the formation of
nickel oxide instead of chromia. The formation of the nickel rich oxide during the early
stage of oxidation is responsible for the alloy embrittlement. 33 At lower pressures or for
high chromium contents, selective chromium oxidation occurs and the environmental
damage cancels out.19
The stepped regions from Figures 18 and 19 are shown schematically in Figure
20.',""9 The first region, the cycle-dependent regime, corresponds to oxygen pressures
below the transition pressure, and is controlled by mechanical damaging processes. The
crack path in this regime is transgranular, and there is a corresponding selective oxidation
of chromium.
In the second regime, crack growth rate increases with temperature and the
kinetics of the oxygen damaging process corresponding to nickel oxide scale growth
control the crack propagation. This is typically a narrow regime, and the corresponding
crack path is intergranular or mixed.
In the third regime, the local mechanical behaviour at the crack tip is the rate
controlling parameter. In this regime, the fatigue crack growth rate is high and saturated,
i.e. it does not vary with pressure. The step height depends on the loading parameter,
suggesting local mechanical behaviour at the crack tip, and the limiting factor is the local
mechanical response of material. In this region there is a corresponding selective
formation of iron-rich nickel oxide, in the case on Inconel 718.19,28,33
da/N Microstructure / loading
Ni oxidation
r oxo Oxidation / Deformation
P T / Chemical composition
Cycle dependent Time dependent P02regime regime
Figure 20. Schematic representation of the different couplings on the stepped curve. From Molins et al.'9
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C.6. Grain Size
Yoshiba and Miyagawa studied the effects of grain size on fatigue life and crack
propagation modes for Inconel 751, Inconel 718 and Fe-42Ni-I5Cr-3Mo alloy.34 The
materials were tested in air at 800'C in a rotating-bending fatigue apparatus at 1500rpm.
They determined that specimens with a smaller grain size (~44pim) had a longer fatigue
life at higher stress levels and a shorter life at lower stress levels, compared to those with
larger grain sizes (-125ptm). Also, as the grain size decreased, the fracture mode
changed from transgranular to intergranular.34
A study was performed by Pedron and Pineau to assess the effect of grain size and
shape on the crack propagation resistance. The grain sizes examined were denoted "fine-
grained" (40 jm), "coarse-grained" (200pjm) and "necklace" (5-10ptm grains surrounded
by 100-300im grains).28
Figure 21 a shows the effect of microstructure on the fatigue crack growth rate for
a 20Hz load cycle and a 10-300-10 load cycle (i.e. a trapezoidal load cycle with a 300s
hold-time). The test was performed in air at 650'C. At 20Hz, the fatigue crack growth
rates are almost identical in all the microstructures. For the 10-300-10 load cycle, the
necklace structure gave the most attractive properties, likely due to a propensity for crack
deviation, while the fine-grained structure gave the highest crack growth rates. There
was an orientation effect associated with the coarse grains.Furthermore, the figure shows
a marked decrease in crack growth rates when the frequency was increased, and this
effect occurred for all microstructures tested.28
Figure 21 b compares the fatigue crack growth rates in air and vacuum for the
three structures. The data collected in air have significantly higher growth rates than in
vacuum, and in vacuum, the effects of microstructure disappear. 28
Therefore, based on these studies, a reduction in grain size results in an enhanced
intergranular crack propagation rate. A reduction in the grain size tends to promote the
slip dispersion associated with the diffusion-controlled recovery process such as
dislocation climb. This results in inhibiting fatigue crack initiation and propagation in the
grain interior. This, in return, tends to cause the fracture along the grain boundary, so
that intergranular-cracking-induced-strength degradation becomes more significant as
grain size decreases. Furthermore, the fine-grained structure has a larger grain boundary
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Figure 21. Microstructure and environment effects on fatigue crack growth of Inconel 718 at 650*C.
From Pddron and Pineau.28
area available for oxygen penetration. Figure 22 shows schematic illustrations of the
fatigue fracture behaviour with the corresponding fractographs. 34
In order to improve the corrosion fatigue strength properties of superalloys, a
grain size should be controlled to be large enough so as not to induce an intergranular
fracture, or the layered necklace structure should be applied.2 8,34
D. REMEDIES FOR SAGBO
The methods used to combat SAGBO clearly depend on which mechanism is at
work. If the mechanism is due to the formation of an oxide preceding crack formation,
then it is necessary to address oxidation, and to alter the material so that it is more
oxidation resistant, such as by increasing chromium content. If the mechanism first
involves oxygen diffusion, then increasing the oxidation resistance of the material may
not be very useful. Instead it may be necessary to find ways to reduce oxygen diffusion
down the grain boundaries.' 5
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Figure 22. Schematic illustration showing different types of fatigue fracture behaviour and
the corresponding fractographs of Fe-42Ni-15Cr-3Mo alloy specimens, in connection with
grain sizes and stress levels. From Yoshiba and Miyagawa.
D.1. Chemistry Modifications
Ni-Fe superalloys are age hardenable through additions of aluminum, titanium
and niobium. Increasing the aluminum content, for example, is beneficial for creep
resistance and stability. The high aluminum content results in an austenitic (y) matrix
capable of y' and p phase precipitation. y' helps with age hardening, and P results in
reduced high temperature crack growth rates. It was found that by increasing the
hardening phase in Inconel 718, the deformation mechanism was modified, promoting
homogeneity of deformation and hence decreasing grain boundary stress concentration.
The more the material is able to relax at the crack tip, the faster the deformation rate
cancels out, preventing environment-dependent effects.' 9
However, aluminum has a negative effect on rupture ductility due to SAGBO.
Earlier alloy developments to overcome this effect were based on reducing creep
resistance, as in the case of Incoloy 907, and adding silicon-rich grain boundary
precipitates, as in the case of Incoloy 909. These alloys showed improved notch rupture
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ductility compared to Incoloy 903, but high temperature crack growth resistance was still
relatively poor. 1,27
Incoloy 903, for example, contains 0.9% aluminum, and is extremely susceptible
to SAGBO. To improve its SAGBO resistance, aluminum was removed. To compensate
for the loss in strengthening precipitate, the new alloy, IN 903A had augmented levels of
niobium and tantalum. Overall, these modifications only accounted for minimal
improvement in the alloy properties.14
Woodford and Bricknell demonstrated that boron was effective in blocking the
diffusion of oxygen along nickel grain boundaries, essentially preventing the preferential
grain boundary precipitation during air exposure. 0.1 weight percent boron was added to
IN903A and it appeared to prevent grain boundary embrittlement.14, 2 6,35
The addition of 4 weight percent chromium to Incoloy 908 has been credited with
yielding an improvement in stress-rupture properties over Incoloy 903. Chromium helps
compensate for the negative effect than an increased aluminum content has on SAGBO
resistance. Due to its adverse effect on the thermal expansion coefficient, however, 4
weight percent was considered the upper limit for chromium.1, 6 This is also the case for
the following low COTE superalloys: Incoloy 903, Incoloy 907, Incoloy 909, Inconel
Inconel 718 and Inconel 783. These superalloys are used in gas turbine engine blades,
where a low COTE is crucial.14'2 7
It was also noted that hafnium additions may decrease the susceptibility to oxygen
damage.26
D.2. Microstructure Modifications
Floreen and Kane showed that overaging Inconel 718 helped improve its SAGBO
resistance. The fatigue crack growth data in air for conventionally aged material was
shown previously in Figure 13a. Figure 23 is the corresponding data for overaged
material. The heat treatments are given in Table 4.25
Table 4. Inconel 718 heat treatments employed.
Conventional heat treatment: 982 0C/lh/AC + 732 0 C/8h, furnace cool to 621'C/AC
Overaging heat treatment: 927 0C/lOh/AC + 732 0 C/48h/AC
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Figure 23. Fatigue crack growth rates for overaged Inconel 718 tested in air
at 750*C. From Floreen and Kane.
The crack growth rates in Figure 23, the overaged case, are less than those in
Figure 13a, for the same values of AK.
Another microstructural change that may improve resistance to SAGBO, is
increasing grain size or changing the grain orientation, as previously discussed.
2 8 The
larger grain size promotes transgranular crack growth, and a layered necklace structure
promotes crack deviation. Both of these changes result in longer 
fatigue life28 ,34
E. MATHEMATICAL MODELING OF SAGBO
E.1. Kinetic Model
An adsorption model was proposed by Achter, based on the basic theory of gas
kinetics, to explain the observed crack growth rate transitions. The basis of the model
was that oxygen atoms were adsorbed at the crack tip and therefore lowered the surface
energy.24,36 The impinging rate of gas molecules was said to balance the creation of
freshly exposed surfaces at the crack tip by the breaking of interatomic 
bonds. 36,37
During each fatigue cycle, the crack is considered to propagate in discrete
increments on the order of a lattice constant and that, at some critical pressure, each
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increment is saturated with gas before propagating the next increment. It was assumed
that the fatigue crack is open for only part of the loading, and that the time of exposure
for each increment of crack growth is limited. This exposure time has never been agreed
on; a number of authors argue that embrittlement occurs during the entire load
cycle, 19,3 0,32' while others argue that embrittlement only occurs for approximately half of
82,638,39the load cycle.8 ,24 ,36' Achter assumed this time period to be half of a complete cycle.
Therefore, the time in seconds in which coverage must be completed is:
x x
t = = 2 Equation 3
V 2f da/dN
where x is the interatomic spacing, approximately equal to 3 x 10-8cm, V is crack tip
velocity, f is frequency and da/dN is the crack tip velocity in cm per cycle.
The time required for the saturation of a freshly exposed face is the planar atomic
density divided by the rate of impingement of gas atoms as obtained from the kinetic
theory for a diatomic gas, and is given by:
=D(MT) 't = .5O 2  Equation 4
S3.5 X1022p
where D is density of atoms in the newly created surface, assumed to be approximately
1.5 x 10 5 Cm-2, M is the molecular weight of the gas, T is temperature in Kelvins, and P
is pressure in torr. If ts<t, then oxygen atoms will be adsorbed at the crack tip and
lowered surface energy will result. If ts>t, then monolayer oxygen coverage will be
incomplete. 24
Therefore, for impinging oxygen, the critical pressure is given as:
Pr = 2.86 (MT) d f Equation 5dN
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This model has been applied to experimental data with some success.24
Discrepancies may be accounted for by the following: 1) attenuation of gas flow by a
capillary crack, 2) more than one layer of adsorbed oxygen is required before the crack
growth rate becomes constant, 3) the crack tip zone is much more strained than the
overall specimen, which should increase oxidation rates, 4) partial pressures of reacting
gaseous species can be different from those at the surface of the specimen, due to gas
transport inside the crack and to chemical reactions occurring at the tip, and 5) the model
does not account for synergistic interaction between the mechanical and environmental
components of corrosion-fatigue.8"1',36'39'40'41
This model predicts that crack growth rates should increase with partial oxygen
pressure until a critical pressure, at which point the rate of surface coverage equals the
rate of surface formation, and the crack growth rates should level off. As was shown in
Figures 18 and 19,3 for Inconel 718 at high temperature, the crack growth rates are
independent of oxygen pressure until a transition pressure is reached, at which point they
rise sharply and then level out again. The model cannot account for the apparent
insensitivity of these alloys below the transition pressure.
E.2. Grain Boundary Diffusion
The model presented by Ghonem and Zheng was based on the observation that
high temperature fatigue crack growth rates for Inconel 718 in air were orders of
magnitude greater than the growth rates in vacuum.3 2 These observations offer strong
support to the conclusion that time-dependent effects in these alloys are principally due to
environment degradation.
The relationship between loading frequency and environmental effects on the
acceleration of the fatigue crack growth rate in Inconel 718 can be explained in terms of
the intergranular oxygen diffusion process in the crack tip region. One of the governing
factors of this process is the grain boundary diffusivity of oxygen. It is recognized that
the intergranular oxygen diffusion depends on the stress and strain states along affected
grain boundaries.14 Therefore for a stressed grain boundary the oxygen diffusivity of
grain boundaries, Dg could be expressed as a function of the inelastic strain energy
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density f(Wp) of this boundary. This is written as an Arrhenius relationship in the
form: 14,32
D =exp - f 9 Equation 6
RT RT )
where Qg is the activation energy of grain boundary diffusion in the stress-free state, Qg'
is the effective activation energy of grain boundary diffusion for stressed material, D is a
diffusion constant, R is the gas constant and T is the absolute temperature. f (WP) is
given as:42
f(WP) = b, + b 2exP b b 2 Equation 7
(b4W + b5
where, b, to b5 are constants which depend on temperature and material and WP'is the
inelastic strain energy density.
Ghonem and Zheng proposed the following to account for Equation 6: high-
frequency loading, which is generally characterized by high slip density and a
homogeneous form of deformation, would result in both strain accommodation as well as
stress relief along affected grain boundaries in the crack tip region. Therefore, variations
in f(Wp), and consequently Dg tend to be minimal, since all other values in Equation 7 are
constant. Furthermore, the increase in slip density would lead to an increase in the lateral
matrix diffusion across the affected grain boundaries. These two combined effects would
result in limited or no acceleration of the intergranular oxygen diffusion rate. The crack
tip oxidation is, therefore, minimal, and the crack tip damage becomes dominated by
cycle-dependent effects. Low-frequency loading, accompanied by low slip density would
promote a grain boundary stress concentration resulting in an increase in the magnitude
of f(Wp) and consequently Dg. If the material is creep resistant, then this effect is
magnified by the lack of grain boundary sliding. Furthermore, the decrease in slip
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density would minimize lateral matrix diffusion. The overall increase in Dg would mean
an increase in depth of crack tip damage due to environmental effects, resulting in
intergranular fracture. 32,41
This theory is supported by data in Figure 15, which indicates the frequency
dependence of crack growth rates in air for different AK values for Inconel 718.17 For the
same AK value (and hence the same strain rate at the crack tip), as the frequency
decreased and the influence of the time-dependent damage increased, the crack growth
rate increased.4' Crack growth rates also increased with increasing AK.
E.3. Damage Superposition and Grain Boundary Diffusion
It has been established that the damage process ranges from purely cycle
dependent at high frequency levels to fully environment dependent at very low frequency
levels. Attempts to predict the fatigue crack growth behaviour have relied on assessing
both the cyclic and the oxidation damage components, with the linear sum representing
the total crack tip damage, as given in Equation 8. The elementary crack advance will
result from both an advance due to crack opening under a cyclic stress and from a
supplementary crack advance due to oxidation at the crack tip.'9,31'41
da 
_ da_ +( d a Equation 8
dN) total dN ) cycle dN)oxidation
The oxidation term represents the contribution of oxidation to crack tip damage,
and this can be written as:
da = d- dt Equation 9
)Noxidation to d
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where to, is the effective oxidation time, i.e. the time period of the cycle during which the
oxidation process is an active damaging component. The degree of contribution of cycle
and oxidation components depends on AK and frequency. 19,31.41
In the environment-dependent crack growth process, the crack increment per
cycle is assumed to be directly related to the diffusion of oxygen taking place during the
cycle effective oxidation time. If it is assumed that in the environment-dependent stage
the crack growth increment per cycle is equal to the intergranular oxygen diffusion depth
X occurring during the cycle effective oxidation time tox, then the fatigue crack growth
rate can be expressed as:
da dt = JX'(AK, t)dt Equation 10
dN ) total tf OX
where X' is the instantaneous oxygen intergranular diffusion rate, which is a function of
time and stress intensity factor range, AK, acting on the crack tip during the effective
cycle oxidation time. Ghonem and Zheng assumed that the cycle oxidation time is equal
to the period of one load cycle.19, 30,32
The fatigue crack growth rate can be empirically determined as:3'41
X= da G,(f)AKM
dN Equation 11
where
G,(f)= Af-aexp(- a 2 f)
where, f is the loading frequency, and A, ai,a 2 and m are coefficients having the values of
1.787 x 10~', 0.632, 28.67 and 3.144 respectively. 32
Equation 12 shows the relationship between the intergranular oxygen diffusion
depth, X and the oxygen diffusivity of the grain boundaries, Dg:
X = (Dgt OX )Y2 Equation 12
Here, a is a geometric constant. Assuming that tox is the period of the load cycle:
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X=1 D g Equation 13
(f,
where f is the loading frequency. Equating Equations 11 and 13 and simplifying gives:
D9 = G2 (f)AK"2 m AK >0 Equation 14
where
G 2 (f)= f +exp(- 2a2f)
This relationship between Dg, AK and f, as illustrated in Figure 24, shows that, for
the same AK, the diffusivity Dg is inversely proportional to the loading frequency, and the
diffusivity increases with increasing values of AK.32 This can be explained, as
qualitatively discussed in Section E.2., by considering the influence of frequency on the
local stress field near the grain boundary regions. The decrease in the loading frequency
is expected to result in an inhomogeneous form of plastic deformation which
consequently leads to an increase in stress concentration across the affected grain
boundary paths near the crack tip. This would then result in the decrease of the effective
diffusional activation energy, Qg' of these affected boundaries. 3 2
Figure 24 shows that, for the same loading frequency, the diffusivity Dg increases
as AK increases. This again can be explained in terms of the direct influence of the crack
tip stress field on the diffusional characteristic of the grain boundary path.3 2
If the assumption is made that the ratio of matrix diffusivity Dm to grain boundary
diffusivity Dg is maintained at 104 and that Dm is a frequency-independent parameter, the
profiles of Dm for different AK values can be established, shown as the dashed lines in
32Figure 24. The point of intersection between two corresponding Dm and Dg lines would
then identify the transitional frequency fc for a particular AK. Below f,, Dg dominates,
giving rise to intergranular cracking, and above f,, Dm dominates, resulting in
transgranular cracking. fc is confined in the narrow range between 0.1 and 0.2Hz.17,32
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Figure 24. Variations of the oxygen diffusivity of grain boundaries ) with loading frequency f and
AK for Inconel 718: (1) AK=20MPaIm, (2) AK=30MPa'Im, (3) AK=40MPa'lm, and (4) AK=50MPam.
Lines a, b, c and d correspond to Dm profiles. From Ghonem and Zheng.
E.4. Oxidation Model
Ghonem and Zheng produced a more complete model to predict the high
temperature, intergranular crack growth rate behaviour in Inconel 718 at 650'C. Only a
qualitative description will be given here, with the complex mathematical details outlined
in their publications. 4 2 ,4 3 The model is based on the view that crack tip oxidation-fatigue
damage is a nonlinear process governed by the chemical-mechanical interactions along
the grain boundary fracture path at the crack tip.
The crack tip oxidation was assumed to occur along a preferred grain boundary
path in two stages. The first stage was the formation of FeO and NiO. The depth of the
oxides was determined by the diffusion of oxygen along the grain boundary. This was
then followed by the formation of a denser chromium oxide layer which was protective,
in that it limited oxygen diffusion to grain boundary material. The time required to form
this layer was a function of temperature and oxygen partial pressure, and was on the order
of minutes at 650*C.
Furthermore, it was suggested that the effect of the oxidation process on crack
growth would decrease as the protective Cr 2O 3 layer built up, and then would level out
upon complete formation of the Cr 2 0 3 layer. This was consistent with experimental data
on Inconel 718 fatigue crack growth rates in air, which increased after imposing hold
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times at the minimum load of the cycle, thus allowing more environment-interaction time
at the crack tip. The effects leveled out after a significant hold time, suggesting
passivation occurred.' 3
The survival of the oxide layer, as a load-bearing material, was determined from
the balance established between the mechanical strain resulting from the driving force at
the crack tip and the resistance of the oxide layer to this force. This balance defines the
failure criterion of the model and permits the calculation of the crack advance per cycle.
The predicted crack growth rates in Inconel 718 agreed well with actual data collected in
air with and without hold times, as shown in Figure 25.
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Figure 25. Zheng and Ghonem model. A comparison between experimental
and calculated da/dN versus AK values. From Zheng and Ghonem.43
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E.5. Embrittlement Model
The following model was adapted from work by Gingell and King, who assessed
the effect of frequency on corrosion fatigue crack propagation of high strength aluminum
alloys, particularly with regards to hydrogen embrittlement. 30
The simplest approach for analysis is to assume that the oxygen concentration
ahead of the crack tip adopts that for steady-state diffusion in a semi-infinite body with a
fixed concentration source. The concentration is therefore given by the following error
function distribution.
30
'
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Ct = C 1 - erf I Equation 15
where Cx,t is the concentration at a distance x ahead of the source after time t, Cs is a
constant source concentration at x=O (at the initiation point of the crack), D is the
diffusion coefficient and erf is the error function, shown in Figure 26.30
Cs
Oxygen
Concentration
Distance ahead of cck tip
Figure 26. Standard error function distribution used to describe oxygen diffusion ahead
of a crack in a semi-infinite body. From Gingell and King.30
For simplicity it is necessary to assume a linear elastic stress distribution ahead of
the crack tip with uniform stress within the plastic zone, such that the diffusivity and
solubility of oxygen are constant within the embrittlement zone (which is smaller than the
plastic zone). The following analysis is determined from steady-state diffusion
calculations and is independent of AK. This is a big simplification, since the stress
distribution would not be uniform away from the crack tip, and the oxygen concentration
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profile would be dependent on stress. However, the assumptions can be used to derive an
approximate solution for the limits of intergranular fatigue crack growth.
A critical oxygen concentration would be required for intergranular fatigue crack
growth (Cc). Therefore the embrittlement would occur over a distance xe ahead of the
crack tip, as this represents the region over which Cc, is attained. The fatigue crack
growth rate would be given by the intergranular embrittlement distance up to and until
another mechanism can propagate the crack more rapidly, therefore xe should equal or
exceed the nominal crack extension per cycle.
Rearranging the above equation gives:
x = 2 Dterf -' I Cxa Equation 16
SCS
To determine the embrittlement distance, xe, Cxt becomes Ccr and D becomes Dg,
the grain boundary diffusion coefficient for oxygen.
x. =2 DgterfjI - Equation 17
The limit of intergranular crack growth is then characterized by inserting the
transition fatigue crack growth rate per cycle, (da/dN)t, into Equation 17. This is the
characteristic crack growth rate at which the fracture mode transitions from transgranular
to intergranular. The time, t, is the time per cycle that embrittlement can occur and, as
assumed in Sections E.2 and E.3, it is equal to the total time of the loading cycle,
assuming that the loading frequency is below the transitional frequency where the crack
tip damage is completely an environment-dependent parameter. Therefore, t is replaced
by the reciprocal of frequency.19,
30
,
32
da = 2 erf I 1 - Ccr Equation 18
dN)t f Y C )
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Taking logarithms of this equation gives:
log = I1 logf + log2 Dg erf ' I - Equation 19
This relationship predicts a linear relation between log(da/dN)t and log f, with a
gradient of -0.5. This relation proved valid in the case of hydrogen embrittlement of an
aluminum alloy. According to this model, gas penetration at the crack tip is on the order
of 0.001-0.01mm.
This simplified analysis does not account for the role of stress, which will alter
the apparent oxygen diffusivity, and it assumes a fixed source concentration, Cs, which
may itself vary with frequency. Also, the entire cycle time may not be available for
embrittlement, since not all frequencies under consideration are below the transitional
frequency where the crack tip damage is completely environment-dependent. This model
is only valid for those frequencies where intergranular cracking occurs.30
F. EXAMPLES OF HIGH TEMPERTURE FATIGUE CRACK GROWTH
A few examples of fatigue crack growth for nickel base superalloys were given
throughout the preceding sections. The following section lists a few more examples,
which show both expected and unexpected behaviour. These examples show that it is
difficult to provide one unifying mechanism or model to predict high temperature fatigue
behaviour of nickel base superalloys.
F.1. Inconel Superalloys
Figure 27 shows the fatigue crack growth rates for INCONEL X-750, a wrought alloy
developed for nuclear and aerospace applications. Data in both air and vacuum are
indicated, at two different frequencies, 0.01Hz and 10Hz. The contribution of creep
effects is indicated by the difference in fatigue crack growth rates between vacuum data
at 0.01Hz and 10Hz. In air tests both creep and oxidation mechanisms are operative.
Figure 28 shows the fatigue fracture surfaces for the two frequencies in air. At 10Hz the
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fracture path is transgranular with fatigue striations, and at 0.0 1Hz the fracture path is
intergranular.'
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Figure 27. Frequency and oxidation effects on fatigue crack growth rates
of Inconel X-750 at 650*C. From Gabrielli et al.7
Figure 28. Crack propagation mode in Inconel X-750 at 650*C. From Gabrielle et al.7
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The combined effects of frequency and oxidation at 750'C for IN 792+Hf and IN
713 LC are illustrated in Figures 29 and 30, respectively. Again there is a marked drop in
fatigue crack growth rates between air and vacuum, as well as a clear frequency effect in
both air and vacuum, although less so for IN 713 LC. Fractographic analysis indicated
only transgranular cracking for all cases examined, for the entire frequency range.7
The fatigue crack growth rates of ODS (oxide-dispersion-strengthened) alloy
Inconel MA 6000 were measured in air and vacuum at 850*C, and the results are shown
in Figure 31. For a given AK, the fatigue crack growth rates increased with a decrease in
frequency in both air and vacuum, although the effect was less pronounced than with the
other alloys. For this particular alloy, however, the fatigue crack growth rates in vacuum
were higher than that in air. This behaviour was attributed to the mechanism of
branching at the crack tip at low frequency in air and vacuum. This same phenomenon
has been observed in IN 738.7
The micromechanisms of fatigue crack propagation for MA 6000 were
transgranular in all cases, as shown in Figure 32, although at low frequency in air and
vacuum, secondary intergranular cracks were observed. The fracture surfaces of the
specimens tested in air were characterized by thick oxide fragments, which may have
produced blocking at the crack tip. This is consistent with the observations of substantial
crack closure during the minimum part of the load cycle. Oxide blocking can lead to a
decrease of the effective AK at the crack tip, and may explain why the fatigue crack
growth rates in air were lower than in vacuum.7
F.2. Udimet 500
Udimet 500 is a cast nickel base superalloy which was at one time used in gas
turbine blades. It is an example of a nickel-based high temperature superalloy containing
a moderate amount of the primary strengthening precipitate, y'. It, like many other
nickel-base superalloys, is susceptible to corrosion fatigue in the presence of oxygen."
The following study was conducted by McMahon and Coffin.12 Polished
hourglass specimens were cycled slowly (1/2 cycle per hour) in air at 815'C. Upon
detailed inspection of the surface of the specimens, sharply defined ridges were observed
at numerous locations, especially in the regions of maximum stress. Further examination
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Figure 31. Frequency and oxidation effects on
fatigue crack growth rates of ODS MA 6000 at
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Figure 30. Frequency and oxidation
effects on fatigue crack growth rates of IN
713LC at 750*C. From Gabrielli et al.7
Figure 32. Fatigue fracture surfaces of the
ODS MA 6000 Alloy fatigued in air at (a)
10Hz, and (b) 0.01Hz. From Gabrielli et al.7
57
SI I I I
IN 713 LC
7%*C
00 00s 0
0 0
0aun 0 0
0 0 @0
0 0 00Hz
M 00 1
0
0 ago ILI~
revealed that these ridges acted as the nucleating site for cracks, which led to eventual
failure of the specimen. Figure 33 is an example of the ridge formation on the surface of
the specimen. Figure 34 is a micrograph of the profile of the ridge.12
It was determined that the ridge was actually an oxide intrusion, which penetrated
the grain boundaries and stood above the rest of the specimen surface. The characteristic
shape of the oxide was that of a wedge with a rounded top. Figure 34a and c show
uncracked and cracked intrusions, respectively. Figure 34b shows the (white) zone
adjacent to the intrusion and to the general surface oxide layer which is a zone denuded
of y'. The y' phase is rich in the strongly-oxidizable elements aluminum and titanium,
and when these diffuse out to a surface to form oxide, the result is a disappearance of the
,127.
Figure 35a shows the tip of a crack in a region of maximum stress. The crack was
able to follow boundaries to a depth of 70pm below the surface. Figure 35b shows an
oxide intrusion at 60% of the maximum stress. Figure 35c shows an earlier stage of grain
boundary oxidation where the stress was 50% of the maximum. These figures indicate
that the rate of oxide penetration down the grain boundaries is greatly enhanced by
applied stress.12
From the information collected, it appeared that the early stage of damage was in
the form of surface ridging. The ridges formed at grain boundaries and consisted of
oxide intrusions. Later, these oxide intrusions cracked, and the cracks, surrounded by
oxide and a y'-denuded zone, propagated mainly along easily-oxidized grain boundaries
in a plane roughly normal to the maximum tensile stress. It appeared that the oxide
penetration along the grain boundaries preceded actual crack formation, although it was
difficult to determine whether the crack propagation was preceded by oxidation and
depletion of y', or whether small cracks formed ahead of the main crack which acted as
oxygen sinks and reservoirs for subsequent internal oxidation. It is also possible that
both mechanisms acted simultaneously.' 2
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Figure 33. Ridge development in Udimet 500 after 25 loading cycles at 815'C.
Magnificatiion=26x. From McMahon and Coffin.'
2
Figure 34. (a) Profile of oxide intrusion (surface ridge). (b) Same as (a) except etched to show zones
adjacent to oxide which are denuded of y'. (c) Same specimen as 34(a). Profile of oxide intrusion (surface
ridge); oxide is cracked and unetched. Magnification = 340x.
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Figure 35. Profiles of oxide ridge in Udimet 500.
(a) Detail of tip area of cracking showing oxidation ahead of crack at depth of 70pt below specimen surface.
Magnification = 780x.
(b) Profile of uncracked ridge after 25 cycles, showing it to be an oxide-filled grain boundary; located at
60% maximum stress. Magnification = 560x.
(c) Profile of early stage of grain boundary oxidation after 25 cycles; located at 50% of the maximum stress.
Magnification = 840x. From McMahon and Coffin.12
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III. EXPERIMENTAL PROCEDURES
The effect of different oxygen concentrations and test frequencies on fracture
mode in Incoloy 908 will be examined through the use of controlled-atmosphere fatigue
crack growth tests. The fracture mode will be investigated in two ways, by crack growth
rates and fractography.
A. SPECIMENS
The specimens were obtained from Incoloy 908 mill annealed plate. Some
specimens were tested in the as-machined condition, and some were heat-treated at
650*C for 200 hours at 1.5 x 10-4 torr.
A.1. Specimen Design
The specimens used for all fatigue experiments were compact tension (CT).
Figure 36 illustrates a CT specimen with approximate dimensions given in inches. The
important parameters to note are W, the distance from the center of the loading-pin hole
to the end of the specimen, a, the distance from the center of the loading-pin hole to the
end of the crack growing out of the notch, and B, the specimen thickness.45
F sA
Figure 36. Compact Tension (CT) specimen. From ASTM E647-93 .4
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A.2. Fatigue Precracking
The CT specimens were fatigue precracked according to ASTM E647-93.
Fatigue precracking provides a sharpened crack of adequate size and straightness to
ensure that the effect of the machined notch is removed from the specimen K-calibration,
and the effects on subsequent crack growth rate data caused by changing crack front
shape are eliminated.45
ASTM E647-93 requires that the precrack not be less than 0.1 OB, h or 1.0mm,
whichever was greater. The final Kmax during precracking was not to exceed the initial
Kmax of the test data. A Kmax value of approximately 22MPadm was used to initiate the
crack. After measurable crack extension occurred, the load was decreased such that Kmax
dropped in 5% increments. A larger decrease in Kmax would result in crack arrest. The
load ratio, R (=Pmin/Pmax) was 0.1 for all specimens. 45
B. EXPERIMENTAL SETUP
Figure 37 is a photograph of the complete test apparatus used for the high
temperature fatigue experiments. The experimental setup can be described in two parts,
the test chamber and the DCPD technique.
B.1. Test Chamber Setup
The test chamber and schematic are shown in Figure 38. The fatigue precracked
specimen was first wired in series with a reference specimen, as shown schematically in
Figure 39. The probe wires were attached on opposing corners across the crack plane, and
the current wires were attached on the edge face at the midpoint of the pinhole. All wires
were spot-welded using a 250 Dual Pulse Stored Energy Power Supply.
The specimen was then pinned to grips attached to pull rods, and both the
specimen and reference as well as all wires were wrapped in heat-treated Nextel Ceramic
Fiber Tape/Sleeving which served as electrical insulation. The wires from the specimens
were passed out of the test chamber through Teflon seals in the flange of the top bellow,
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Figure 37. Complete experimental setup.
which was slid down on the top pull rod. The bellow allowed the system to remain
airtight during cyclic loading.
The pull rods and specimens were carefully lowered into the retort as a single
unit, and hung from a universal joint attached to the crosshead on the MTS
Servohydraulic Load Frame. The top bellow was clamped to the top of the retort, and
was sealed around the pull rod with Apiezan Sealing Compound. The pull rods and
specimens were electrically isolated from the retort by an o-ring between the bellow and
retort. The gas cylinder was connected to the gas inlet on the top bellow with clean
stainless steel tubing and swagelock fittings.
The bottom bellow was slid onto the bottom pull road and secured to the bottom
of the retort with a clamp, again separated from the retort by an o-ring. Sealing
compound was applied around the bellow in contact with the pull road, and the pull rod
was attached to the actuator of the MTS with a universal joint. A cold cathode pressure
gage was clamped to the bottom bellow, which was in turn connected to an HPS Division
937 Gage Controller (not shown). Also connected to the bottom bellow were the
Danielson Tribodyn Molecular Pump and the Delta F Oxygen Analyzer, which read the
oxygen concentration of the test chamber. The oxygen analyzer was connected to the
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Figure 38. Schematic and photograph of experimental test chamber.
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Figure 39. Recommended wiring for CT specimens. From ASTM E647-93.
bellow with stainless steel tubing and swagelock fittings. Along the line between
the oxygen analyzer and bellow was a stop valve and a pressure gage.
The retort was then enclosed in a Series 3210 Split Tube Furnace attached to an
ATS317C Temperature Control System, and coolant lines were connected to the retort.
The test temperature was monitored using a thermocouple, which was passed into the test
chamber through the top bellow.
For the case of high-temperature fatigue tests in air, the testing apparatus was set
up in the same fashion, but the bottom bellow, as well as all equipment which were
attached to the bellow, was not used. The retort was open to the environment, and only
temperature was controlled.
B.2. Oxygen Environment and Temperature
After the specimen was loaded into the retort and the bellows were attached, the
stop valves to the gas inlet and oxygen meter were closed off and the vacuum pump was
turned on. After the retort pumped down to about 5 x 104 torr, the furnace was turned on
and the system was brought to 650*C. As the system temperature increased, the vacuum
degraded to about 1 x 10- torr as the retort and its contents outgassed. After outgassing,
the pressure returned to 5 x 104 torr.
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It was important to carefully control the test temperature. If the Temperature
Control System was not tuned properly, large fluctuations in the test temperature resulted,
and this in turn caused cooling and heating periods. Data could not be collected during
the heating period because of interference with the crack length readings. Table 5
provides a list of control parameters for optimal performance.
Table 5: ATS317C Temperature Control System Parameters
Parameter Value
PRBAND 4%
Proportional Band
RESET 1 0.09
(Readings per minute) R/M
RATEl 1.87 M
(minutes)
Zone 1 60%
3 Zone (Top)
Control Zone 2 100%
Panel (Middle)
Zone 3 (Bottom) 70%
After reaching the test temperature, the vacuum pump was turned off and the gas
tank, containing a specified oxygen concentration in argon, was opened. The stop valve
to the gas inlet in the top bellow was carefully opened allowing the oxygen environment
to bleed in. The pressure of the environment inside the retort was maintained at 4psi. A
pressure higher than this could cause damage to the bellows and the oxygen meter.
After reaching 4psi inside the retort, the stop valve to the oxygen meter was
opened and the environment was allowed to stabilize. The oxygen concentration took
approximately one half hour to stabilize, with the process aided by heating the stainless
steel tubing with an electric air gun at approximately 590*C to remove sorbed oxygen
and moisture. In some cases, over the course of the test, the indicated oxygen
concentration dropped lower than the specified value on the tank, possibly due to
resorption.
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The oxygen concentrations were changed simply by shutting the valves to the gas
tank and oxygen meter, changing the gas tank, and then recharging the retort with the
new environment. Each oxygen concentration required 30 minutes to stabilize.
The oxygen meter only detected up to 50ppm, so when concentrations greater
than this were used, the environment was allowed to stabilize in the same fashion, and it
was assumed that the approximate concentration was reached.
Once the environment was established, either just the temperature for the air tests,
or the temperature and specific oxygen concentration, the fatigue test was begun. Before
describing these tests, it is necessary to introduce the method of indirect crack length
measurement, the DCPD technique.
C. DCPD TECHNIQUE
C.1. Theory
The direct current potential drop (DCPD) technique was used as an indirect
measure of crack length. The method is well-established and is a stable, high-resolution
technique for use in environmental chambers.45'47 The basis of the system is to pass a
current through a specimen resulting in an electric field which is a function of the
specimen geometry. As the geometry changes, i.e. by changing crack length, the electric
field in the specimen changes. These changes can be monitored with probes spanning the
defect or crack under investigation. These changing potential readings can then be
related to crack length by analytical or experimental calibration.
In direct current flow, the current takes a path of least resistance through the
specimen. The resistance of the specimen is dependent on the material's resistivity, p,
which is a function of temperature, the conductor length, £, and cross-sectional area, A.
Applying Ohm's Law and the relationship for resistance, the potential, E, is:45'47
E = lpf Equation 20
A
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Therefore, assuming current, resistivity and specimen length are constant, as the
crack progresses through the specimen, the cross-sectional area decreases and the
measured potential increases. 45' 47
There are two problems which prevent directly reading voltage readings from the
specimen. First, as temperature increases for nickel alloys, the resistivity increases and
hence the potential. Furthermore, drift in instrumentation may scale voltages. To
compensate for these variations, additional voltage measurements can be taken at a
reference location, either on the specimen itself or on an additional specimen in the same
environment. Since all material and instrument variations are also included in the
reference measurements, the normalization process eliminates them.45'47
The second problem relates to the junction of the input probes with the conductor
surface, which can result in electromagnetic fields, caused by thermal differences
between the materials. To eliminate this effect, voltage measurements can be taken while
reversing the direction of current flow. The resulting differential potential readings
between any two adjacent readings with positive and negative polarity eliminate concern
about thermal EMFs.47
C.2. Procedure
The DCPD procedure used during the fatigue tests was based on ASTM E647-93.
The program, entitled "aDCPDPROGRAM - stand alone.vi" used to interface with the
DCPD equipment was written in LabVIEW 4.0 (see Appendix A). Figure 40 is a
photograph of the electrical equipment used, as well as a schematic of the components of
the DCPD system.
The program provided commands to the instrumentation and received the voltage
readings, but the HP 3852A Data Acquisition Unit, consisting of a central processing
unit, a 44713 24-Channel High Speed FET Multiplexer, a 44702B High Speed Voltmeter,
and a 44726A Arbitrary Waveform DAC, was the control center for the technique. After
receiving the commands from "DCPD Program", the current to the specimen and
reference, supplied by an HP 6632A System DC Power Supply and routed through a
switch bank consisting of four Douglas Randall solid-state relays, was switched on by the
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Power Supply
Data Acquisition
-- Unit
Amplifier
GPIB
cable
(a) Electronic equipment used for the DCPD
Technique.
Amplifier Probe wires
Power Switch Current
- Supply Bank
Multiplexer Test
Arbitrary Ch ber
WaveformII
Voltmeter I DAC MTS
Data Acquisition Servohydraulic
Unit Load Frame
Computer
LabVIEW 4.0
Instron
(b) DCPD Schematic
Figure 40. DCPD experimental setup.
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Arbitrary Waveform DAC. The resulting potential drop values generated in the specimen
and reference were then detected by the voltmeter, after first being amplified
with a Precision Burr-Brown Low Power Instrumentation Amplifier. The multiplexer,
which was ribbon-connected to the voltmeter, instructed which channels (i.e. probe sets)
to take voltage readings on. After collecting the readings, the Arbitrary Waveform DAC
reversed the current polarity, and the process was repeated. Typically, between 100 and
250 voltage readings per channel, depending on fatigue loading frequency, were collected
before switching the current.
Since the specimen was undergoing cyclic loading, there may have been points
during the loading cycle where the crack surfaces touched prematurely, causing fracture
surface shorting and an underestimate of crack length. Therefore it was necessary to
isolate voltage readings at or near the peak tensile load.45 Figure 41 is a load versus time
diagram:
V+ V.
Pmin .................................................. time
Figure 41: Load (P) versus time.
If the system was being cycled at, say, 2Hz, the voltmeter was timed to collect
100 readings (V+) for one current polarity over the cycle period, 0.5 seconds, before
switching the current polarity. After collecting the next 100 readings (V_) at the
switched current polarity, the corrected potential drop readings were determined by:45
Vcorected - 1(V+ - V_) Equation 212
At lower frequencies, more readings were taken. Typically, at 0.1 and 0.2Hz the
optimal number of readings was 250 per channel. Spacing the readings out over the load
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cycle ensured capturing the peak load. The corrected voltage readings were then sent
back to "DCPD Program" to estimate the corresponding crack length.
C.3. Numerical Method
The numerical method for estimating crack length from voltage readings for a CT
specimen was developed by Hicks and Pickard by finite element analysis. The method
was developed for a specimen with a sharp crack, and with the specific current and probe
wire placement illustrated in Figure 39.45
Equation 22 applies to the reference specimen, and was used to calculate the
normalization constant Vr:
V 
_AO +A I + A a2 + Aa for 0.24 a 0.7
Vr W W W
A0e = 0.5766 Equation 22
Al = 1.9169
A2 = -1.0712
A 3 = 1.6898
The reference specimen was of known geometry, therefore a/W was known. For
each voltage reading, V, collected from the reference specimen, a corresponding Vr was
determined. Then, this value was used in Equation 23 to determine the specimen crack
length, a, for all voltage readings, V, taken from the specimen:
a V 2 3
w=B0 +B 1 V+B2V +B3 (V for 0.24 ! a 5 0.7WV, V, V,
B0 = -0.5051 Equation 23
BI = 0.8857
B 2 = -0.1398
B 3 = 0.0002398
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The crack length at peak load was selected on the premise that the crack length
would be larger at peak load than anywhere else along the load cycle. Remembering that
there were 100-250 readings per channel per cycle, there were, therefore, 100-250
corresponding crack lengths. Therefore, the crack lengths from each cycle were divided
into segments with approximately 10-15 readings per segment. The readings in each
segment were filtered to remove large random fluctuations, and each segment was
averaged. The largest average was chosen as the representative crack length for the set of
readings. This crude technique was easier and faster to apply to the data than curve
fitting, and in any case, the crack closure effects were minimal.
In practice, it was necessary to add a constant to the calculated crack length.
Typically the data was off by about 0.8mm, therefore a baseline crack length had to be
established before beginning each test.
D. MICROHARDNESS TESTS
A concern with using the unheat-treated samples for the high temperature fatigue
tests was that aging would occur during the test, resulting in a changing yield strength
throughout the duration of the test. One of the requirements during the fatigue test,
according to ASTM E647-93 is as follows:4 5
/ 2
(W - a)> 4 Kmax Equation 24
This means that the uncracked ligament (W-a) of the CT specimen must meet a
certain minimum value which is a function of the yield strength, ays. Since the yield
strength of heat-treated specimens is higher than for unheat-treated specimens, it is
advantageous to use heat-treated specimens since more of the specimen is available for
valid data.
Yield strength can be determined by monitoring the hardness of the sample.
Therefore, the Vickers microhardness was determined for the material tested in air, both
heat-treated and unheat-treated, before and after test runs using a Leitz MINILOAD-
Hardness Tester.4 8
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The method involved simply making a diamond-shaped indentation in the
material, and measuring the size of the indentation, characterized by the diagonals of the
diamond. The Vickers hardness formula is: 48
HV = 1854 -P Equation 25
d2
where, HV is the Vickers hardness in kg/sq. mm, P is the load in grams and d is the
average length of the diagonals in microns.
E. FATIGUE TESTS
E.1. Specimens in Air
One specimen was tested in air at room temperature, and three specimens were
tested in air at 650'C ±1*C. The room temperature test was used to verify the DCPD
technique. The first high temperature test was done with an unheat-treated specimen at
decreasing values of AK, with periods of constant AK at 25, 26 and 29MPaIm, with load
shedding done manually. Each AK was held until the crack extended approximately
0.6mm. The test frequency was 2Hz, and the load ratio, R (=Pmi/Pmax) was 0.1. The
upper frequency limit of the fatigue apparatus was 2-3Hz, given the length of the pull
rods. At frequencies higher than this, the pull rods tended to wobble. Data for this test
was collected by "DCPD Program".
The second high temperature test was done with an unheat-treated specimen at
increasing values of AK, with periods of constant AK at 21, 22, 27, 30, 33 and 37MPalm.
Each AK was held until the crack extended approximately 0.7mm. The test frequency
was 0.2Hz and R was 0.1. For the periods of constant AK load shedding was done
manually. Data was collected by "DCPD Program".
The third high temperature test was done with a heat-treated specimen. The
loading conditions were as follows: AK of 24, 27 and 29MPa1m at 2Hz, AK of
27MPa!m at 0.2Hz, and AK of 27MPa'm at 3Hz, all at a load ratio of 0.1. Each AK
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value was held constant until a crack growth extension of approximately 0.6mm
occurred. The data was collected by "DCPD Program" which was incorporated as a
subroutine into another program, entitled "DaDnDCPD - Front Panel" (Appendix A)
which took control of the Instron and MTS. The crack lengths were calculated in "DCPD
Program" and were used to calculate applied load on-the-fly so that a constant AK was
maintained.
Upon test completion, the specimens were removed from the retort and allowed to
cool. They were then fatigued to complete failure at room temperature and prepared for
examination by scanning electron microscopy.
E.2. Specimens in Oxygen Environment
All specimens tested in the oxygen environment were held at 650'C ±10 C. One
specimen was fatigued at approximately lppm oxygen in argon. Unfortunately the
DCPD readings were erratic, due to a poor current lead connection. The specimen was
fatigued for approximately 2000 cycles at 0.1Hz before termination.
The second specimen was tested first at I0ppm oxygen, at 2, 1, 0.1, 0.3, 0.5 and
0.2Hz. Each frequency was held until the crack extended approximately 0.25mm. AK
was held constant at 26MPaIm and R was 0.1. The loading parameters for this, and all
other oxygen concentrations, were controlled by the LabVIEW program "DaDnDCPD-
Front Panel", and data was collected with the DCPD program. During the test the
oxygen concentration dropped to 6ppm, likely due to sorption.
After testing at the final frequency, 0.2Hz, the experiment was stopped and the
gas supply was then changed to 45ppm oxygen in argon. The specimen was cycled at
frequencies in the following sequence: 2, 1, 0.5, 0.3 and 0.1Hz. The AK value was
26MPa'lm and R was 0.1 for all frequencies.
The next oxygen concentration tested was 1 00ppm, at 0.1, 0.5 and 2Hz, at a AK of
26MPa'Im for the first two frequencies, and 26MPa'lm for the last. R was 0.1 for all
frequencies. Then, the concentration was changed to a final value of 1 000ppm. AK for
the 1 000ppm environment was 3OMPaIm, and R was 0.1.
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Upon completion of the test, the retort was pumped down to approximately 5 x
10 4 torr and the system was allowed to cool to room temperature. The specimens were
fatigued to complete failure and then prepared for examination by scanning electron
microscopy.
F. SCANNING ELECTRON MICROSCOPY
F.1. Topography
One of the specimen halves was mounted on its edge such that the top view of the
crack path could be examined. The specimens were fixed to an aluminum stage with
double-sided carbon tape and colloidal carbon. The scanning electron microscope was
then operated at 20kV, with an working distance of 20mm.
The crack length prediction from the DCPD program, in addition to a rough grid
affixed to the surface of the crack path, were used to locate the fractograph in relation to
the crack path.
F.2. Morphology
Another method used to investigate whether the crack path was intergranular or
transgranular was examining the crack path edge-on. First, the section of the specimen
containing the crack path was cut away from excess material with a Buehler Isomet 2000
Precision Saw. The crack surface was then silver-coated in a Denton DV-502A High-
Vacuum Evaporator. This step covered any oxide coating on the crack path, and
therefore facilitated the next step, electroless nickel plating of the crack path. This step
was necessary to preserve the morphology of the crack path.
The electroless nickel plating method used was developed by Morra et al. 49 First,
the regions of the specimen that were not to be plated were coated with Microstop, which
was allowed to dry for 24 hours. The plating solution was prepared as follows: in a 1-L
acid-cleaned volumetric flask, 27 grams of sodium hypophosphite (NaH2PO 2*H20), 20
grams of nickel sulfate hexahydrate (NiSO 496H 20) and 16 grams of sodium succinate
hexahydrate (C4H4Na 2O4 .6H 20) were mixed with one liter of deionized water. After
complete dissolution of the solids, the solution was filtered with a 1 tm lint-free filter
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under vacuum. It was important to make up the solution on the day it was to be used,
since the nickel could actually plate out of the solution overnight.
After cleaning the surface to be plated with ethanol, the specimen was suspended
in a 1 -L beaker such that the plating solution completely covered it. This beaker was
then suspended in a water bath and the bath was heated to between 85'C and 91 C. The
initial pH of the solution was tested with pH paper, and was between 5.5 and 6.0. During
the first 30 minutes of heating, a white precipitate formed in the plating solution
(clouding the solution) and this was eliminated by adding lactic acid drop-wise to the
solution. It was important that the pH did not fall below 5.5.
After approximately 30 to 45 minutes, plating began, as evidenced by the rapid
evolution of bubbles from the sample surface. Depending on the sample surface, the
nickel deposition was approximately 1 mil per hour. After excessive plating occurred on
the glassware, the sample was removed.
The specimen was then mounted on its side in Buehler Epomet Molding
Compound and polished to 1 tm. The specimen surface along the edge of the crack path
was etched for approximately a minute with a 45mL acetic acid, 30mL hydrochloric acid,
15mL nitric acid solution.
The mounted specimen was then fixed to an aluminum stage with double-sided
carbon tape and colloidal carbon. It was important that good contact was made between
the specimen and stage, since the mount was non-conductive.
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IV. RESULTS
A. MICROHARDNESS TESTS
The Vickers hardness values are summarized in Table 6.
Table 6: Microhardness data.
Sample Time at HV (kg/mm')
6500 C
Unheat-treated 0 226
Unheat-treated 12.5 371
Heat-treated 0 438
650/200h
Heat-Treated 2 430
650/200h
Figure 42 is a plot of Vickers Microhardness versus heat treatment time at 650'C
for mill annealed samples cuts from 7mm-thick Incoloy 908 plate.50 Also on the plot is
the microhardness data for the unheat-treated samples from Table 6. Figure 43 is a plot of
yield strength, based on the hardness values, versus heat treatment time at 650,C.50 From
this plot is was assumed that the approximate yield stress of the unheat-treated samples
were about 375MPa and 950MPa for the room temperature and 12.5 hour test,
respectively.
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Figure 42. Vickers Microhardness versus heat-
treatment time at 650*C for Incoloy 908.
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Figure 43. Yield strength, calculated from Vickers Microhardness,
versus heat-treatment time at 650'C for Incoloy 908.
B. FATIGUE CRACK GROWTH RATES
Intergranular cracking correlates with augmented crack growth rates. Therefore
crack length was plotted as a function of number of cycles. The slope of the plot, da/dN
is the crack growth rate. The crack growth rate is related to AK by the following
relationship: 8' 40'
4 5
da = C'AK"' Equation 26
dN
Fatigue crack growth rate expressed as a function of crack-tip stress-intensity
factor range characterizes a material's resistance to stable crack extension under cyclic
loading. By plotting da/dN versus AK, the results are independent of planar geometry,
and therefore it is possible to exchange and compare data from different specimen
configurations and loading conditions. 40' 45
B.1. Specimens in Air
Figure 44 is a plot of crack length versus cycles for the specimen cycled at 2Hz at
a AK of approximately 29MPalm. All of the other plots for the tests done in air are
included in Appendix B. Table 7 is a summary of the fatigue crack growth data collected
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Figure 44. Crack length versus cycles for Incoloy 908 tested in air at 650'C.
Table 7: Crack growth rate data for specimens in air at 650'C
Temperature Heat-Treated? AK Frequency Crack Growth Rate
MPa4m Hz (X 10-5 mm/cycle)
6500C No 21.3 0.2 31.2
.............................................................................................................................................................................................................................................................................................................................................................................
6500C No 22.3 0.2 77.9
.............................................................................................................................................................................................................................................................................................................................................................................
6500C No 26.5 0.2 140
................... ........................................................................................... .................................... .................................   
6500C No 29.7 0.2 217
............... ........................................................................................... I ...................................................................................................................................................... .
6500C No 33.3 0.2 234
............................................................... I ..............................................................................................................................................................................................................................................................................................................
6500C No 37.3 0.2 412
..................................................................................................... ......................................................................................................................................................................................................................... 
6500C No 24.7 2 26.4
............................................................. I .............................................................................................................................................................................................................................................................
6500C No 26.3 2 35.2
..............................................................................................................................................................................................................................................................................................................................................................................
6500C No 28.8 2 49.7
.............................................................................................................................................................................................................................................................................................................................................................................
6500C Yes 24.0 2 27.5
..........................................................................................................................................................................................................................................................................................................................................................................
6500C Yes 26.5 2 40.5
.......................................................................................................................................................................................................................................................................................................................................................................
6500C Yes 29.0 2 51.9
................................................    ................................................... ................................................................. ...................  ...
6500C Yes 27 0.2 114
...................................................................................................................................................................................................................................................................................................................................................................
6500C Yes 27 3 39.3
..........................................................................................................................................................................................................................................................................................................................................................................
250C No 17.5 --- 2.0
.....................................................................................................................................................................................................................................................................................................................................................................
250C No 23.0 --- 6
................ . .................... ....... ............................................................. ............................................................  .................................. 
250C No 18.7 --- 3
18.00
17.80
17.60
17.40----
17.20 - y = 4.97E-04x - 1.58E+00
R 2 = 9.92E-01
17.00 -
16.80
16.60
3.65E+04 3.70E+04 3.75E+04 3.80E+04 3.85E+04 3.90E+04 3.95E+04
cycles
E
E
.CF*0
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in air. The data collected at room temperature for the heat-treated and cold-worked
material was taken from the Incoloy Alloy 908 Data Handbook.46
The air crack growth data was plotted as a function of AK in Figure 45. Heat-
treated material was indicated in the legend by "650/200h", meaning the material was
treated at 650'C for 200 hours.
The data collected at high temperature had higher crack growth rates than those
collected at room temperature. The crack growth rates collected at 0.2Hz were
consistently higher over all values of AK than for 2Hz. Note that the heat-treated and
unheat-treated data correlated well for the three data points collected at 2Hz, and the one
heat-treated data point collected at 0.2Hz.
1000
> 100
E
E
so 1
10
cc
10 100
delta K MPa mAO.5
Figure 45. Fatigue crack growth rates for Incoloy 908 in air at 650*C versus AK.
80
*0.2Hz, 650C
*2Hz, 650C
* 650/200h, 2Hz, 650C
650/200h, 3Hz, 650C
--- --- --- -- --- ---- - - -- ------ ------ - - - -o 650/200h, 0.2Hz, 650C
X650/200h, 20%CW,
25C
A650/200h, 25C
X x25C
AX --
AA
XK x
S x x
1
10 26 2 4
.......................................................................................................................................................................................................................................................................................................................................................................................
10 26 1 6
.................................................................... ........................................................................................................ 1- ...............................................................................................................
9 26 0.1 25
....................................................................................................................................................................................  I 
8 26 0.3 Invalid
......................................................................................................................................................... I  I ........................................................................ 
6 26 0.5 7
......................................................................................................................................................................  - ......
6 26 0.2 16
......................................................................................................................................................................................................................................................................................................................................................................................
42 26 2 9
............................. I ............................................................................................................ .......................... ....................................................................
42 26 2 9
............................................................................................................................ ..................................................................................................................................................
42 26 1 10
.......................................................................................................................................................................................................................................................................................................................................................................................
41.3 26 0.5 13
.......................................................................................................................................................................................................... ...
41.5 26 0.3 16
................................................................................................. ........................................................ I  
41.8 26 0.1 23
.................................................................................................................................................................................................................................. I ...................................................................................................................................................
100 26 0.1 34
......................................................................................................................................................................................................................................................................................................................................................................................
100 26 0.1 34
........................................................................................  ....................................................................................................................................... ..................
100 26 0.5 Invalid
.......... I .... .................................... ............ I .......... ......................................................................................................................................  
100 26 2 Invalid
.................................................................................................................................................................................................................................................. 
100 28 2 2
......................................................................................................................................................................................................................................................................................................................................................................................
1000 30 2 9
.................................................................................................. -............................................................ -.1 ........... ................................................................................................
1000 30 3 8
........................ ....................................... ............................................ . ........................................................................................... 
1000 30 0.5 34
.......................................................................................................................................................................................................................................................................................................................................................................................
1000 30 1 24
..........................................................................................................................................................................................................................................  
1000 30 0.2 58
......................................... " .....................................................  ..........................................................................................................................................................
1000 30 0.1 61
The invalid growth rate at 8ppm was due to highly scattered data. The invalid
data at I 00ppm was due to a very short crack extension. Some of the crack growth data
as a function of AK is summarized in Figure 46. Figure 47 shows the crack growth rates
as a function of frequency for constant AK. Maintaining a constant AK ensured a
constant strain rate at the crack tip.
For all oxygen concentrations, the low frequencies showed enhanced crack
growth rates as compared to higher frequencies. Overall, the crack growth rates were
higher for larger oxygen concentrations for a given frequency or AK.
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B.2 Specimens in Oxygen Environment
Table 8 summarizes the crack growth data collected for all oxygen environments
tested except for air. All plots of crack length versus cycles are included in Appendix B.
Table 8: Crack growth rate data for specimen in oxygen environments at 650'C.
Oxygen AK Frequency Crack Growth
Concentration (ppm) W a m Hz Rate
(X 10-5 mm/cycle)
1000 -
* 100 --
E
z
10
-
-
-----
-
0.
3
0.2Hz, 650C
02Hz, 650C
&650/200h, 25C
0 1Oppm, 650C
+42ppm, 650C
-------- - - -- - - -- - 100ppm , 650C -
1Hz A 1000ppm, 650
Hz
---------------------------- -
100
delta K MPa mAO.5
Figure 46. Fatigue crack growth rates for Incoloy 908 in oxygen at 650*C versus
AK. Data in air, open symbols, is included for comparison
0.5 1.5 2 2.5 3
frequency Hz
Figure 47. Fatigue crack growth rates for Incoloy 908 in oxygen at
650*C versus frequency.
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C. FRACTOGRAPHY
C.1. Specimens in Air
C.1.1. Topography
Figures 48a through c are topographical views of the crack front in high
temperature air. Figure 48a shows the transition from the precrack region at room
temperature to 650'C at 2Hz. The crack growth direction was right to left. The right
region of the fractograph has a wavy appearance indicative of transgranular cracking. To
the left, the fractograph shows deep cracks as well as facets of grains. This pattern is
indicative of intergranular cracking, and this intergranular region correlated with the
enhanced crack growth rate. Figures 48b and c are additional examples of intergranular
cracking, taken at 2Hz and 0.2Hz respectively. The crack paths aren't completely
intergranular; there are a few ductile features indicative of transgranular cracking.
C.1.2 Morphology
Figure 49a shows the specimen as it was mounted. Figures 49b through d show
the crack front morphology, again with the crack direction as right to left. Figure 49b,
taken from the specimen cycled at 2Hz, has a smooth crack path, indicative of
transgranular crack growth. Figures 49c and d, taken from the specimen cycled at 0.2Hz,
show jagged morphologies, and the crack path appears as though it is progressing around
the grains. Figure 49c shows a crack growing around a grain normal to the crack path.
This is a typical feature for intergranular cracking.
C.2. Specimens in Oxygen Environment
C.2.1. Topography
Figure 50 is a fractograph of the specimen tested in lppm oxygen. The region to
the right is the transgranular mode corresponding to the precrack region. When the
specimen was fatigued at 0.1Hz, the fracture mode changed abruptly from transgranular
83
(a) 2Hz,
transition from
precrack
(transgranular) to
650'C in air
(intergranular)
(b) 2Hz,
intergranular
(c) 0.2Hz,
intergranular
Figure 48. Fractographs of Incoloy 908 in air at 650 0 C.
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(a) precrack,
transgranular
(b) 0.2Hz,
intergranular
(c) 0.2Hz,
intergranular
Figure 49. Crack path morphologies of Incoloy 908 in air at 650*C.
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4Figure 50. Fractograph of Incoloy 908 in Ippm oxygen. Transition from precrack to 0.1Hz zone.
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to intergranular. Note the absence of the oxide scale that was prominent in the specimens
fatigued in air.
Figure 51 shows the specimen that was tested in the other oxygen environments.
Given the large number of environments for this particular specimen, a route was
followed along the crack path, from initiation to termination, such that the entire route
was mapped out with fractography, as shown in Figure 51. This was to ensure that no
environment would be accidentally missed.
It should be noted that the actual crack lengths as measured in the SEM only
approximated those predicted by the DCPD program. The DCPD technique provides an
average crack length over the entire width of the specimen, whereas for practicality, only
part of the crack path could be captured by fractography. The SEM fractographs provide
only a one-dimensional view of the crack path, and it is unlikely that the crack front
advanced uniformly over the entire width of the specimen. Therefore, in some regions the
actual crack length is less than the predicted DCPD value, and in some regions it is
greater.
It should also be noted that the oxide thickness was relatively uniform over the
entire crack path since all parts of the crack surfaces were equally exposed to 1 000ppm
oxygen. The total test time was about 30 hours, therefore the crack surfaces formed early
on had a lot of time to develop this oxidized layer. This, in some cases, makes it harder
to discern regions of intergranular cracking from transgranular cracking. Also, the
resolution of the fractographs was not good enough to determine crack growth rates
based on striation spacings.
crack crack
termination initiation
Figure 51. Top view of Incoloy 908 specimen tested in oxygen at 650*C. White lines on
fracture surface approximate the "path" that was followed in the SEM.Magnification = 3x.
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Figure 52 is a fractograph from the fatigue precrack region. The crack growth
direction is right to left. Since the specimen was precracked at room temperature, the
mode was transgranular. Therefore, this fractograph provides a good reference point for
transgranular cracking.
Figure 53a, taken at the 1 Oppm, shows a sharp transition from transgranular to
intergranular, corresponding to the shift from 1 Oppm oxygen at 1Hz to 1 Oppm oxygen at
0.1Hz. The transition to intergranular cracking corresponded with an augmented crack
growth rate. Note the facets of the grains as well as the cracks penetrating the surface.
Figures 53b is a magnification of the circled region "b". Note the oxide on the
surrounding material. This distinct band of intergranular cracking persisted across the
width of the specimen at an approximate distance of 12mm from the center of the
pinholes.
After the intergranular region in Figure 53a, the crack mode appears to gradually
transition back to mostly transgranular cracking with the exception of a few small
intergranular cracks, indicated by arrows. Figure 53c is a magnification of one of these
cracks, as indicated by circled region "c". Note the striations in this region.
Figure 54 was taken at approximately 13mm along the crack path. Again the
crack mode transitioned from transgranular to an intergranular band. This transition
corresponds to 42ppm at 1Hz to 42ppm at 0.5Hz. A different region of this intergranular
band is shown to the right in Figure 55. Figure 55 spans the region approximately 13mm
to 14mm along the crack path and likely encompasses a number of environments, namely
42ppm at 1Hz (transgranular, far right), 42ppm at 0.5Hz (intergranular transition), 42ppm
at 0.3Hz, 42ppm at 0.1Hz and 100ppm at 0.1Hz. Some intergranular cracking is
observed over most of this region, but not much information can be derived from this
fractograph with regards to intergranular versus transgranular cracking modes for 0.3 and
0.1Hz at 42ppm, since the crack lengths were very short. The crack growth rates at this
oxygen concentration and these frequencies were enhanced.
Figure 56 was taken at approximately 14.2mm along the crack bath. The far right
region appears to be transgranular, corresponding to 1 00ppm at 2Hz. This transitions to a
partially intergranular region, likely corresponding to 1 000ppm at 2Hz, followed by
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1 000ppm at 3Hz. The path is mostly transgranular, but there are a few intergranular
cracks, particularly when the oxygen was changed from 1 00ppm to 1 000ppm.
Figure 57 was taken at approximately 15mm along the crack path, and shows
another marked transition for transgranular to intergranular crack growth. Again, the
intergranular crack band persisted across the width of the specimen. This transition
corresponds to 1000ppm at 3Hz changing to 1000ppm at 0.5Hz. The left of the figure
gradually transitions back to transgranular, corresponding to 1 000ppm at 1Hz. Again, the
crack growth rate for 1 000ppm at 0.5 Hz was enhanced, correlating with the intergranular
fracture region.
Figure 58, taken at approximately 15.5mm shows another intergranular band,
which corresponds to the transition 1 000ppm at 1Hz to 1 000ppm at 0.2Hz. Overall the
cracking mode is mixed, with distinctive regions of intergranular cracking. This figure
overlaps with Figure 59, taken at approximately 16mm. This figure shows a large region
of intergranular crack growth (at center) which changes to a transgranular mode at the far
left. This corresponds to I000ppm at 0.2 Hz at the far right, a sharp transition
to 1 000ppm at 0.1Hz (intergranular) followed by the termination of the test and
subsequent fatigue to failure at room temperature (transgranular).
Figure 52. Precrack region of specimen tested in oxygen.
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(a)
0.lHz
(c)
(b)
Figure 53. Fractographs of Incoloy 908 specimen in IOppm oxygen at 650*C. Crack
mode is transgranular at 2Hz, intergranular at 0.1Hz and mixed at 0.5Hz.
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striations
Figure 54. Fractograph of Incoloy 908 specimen in 42ppm oxygen at 650*C.
Crack mode is transgranular at 1Hz and intergranular at 0.5Hz.
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Figure 55. Fractograph of Incoloy 908 specimen in 42ppm, 100ppm oxygen at
650*C. Crack mode is partially intergranular at 0.5Hz and 0.lHz in 42ppm oxygen.
-I
Figure 56. Fractograph of Incoloy 908 specimen in 100 and 1000 ppm
oxygen at 650*C. Crack mode is transgranular at 2Hz, 100ppm and mixed at
2Hz, I000ppm. Crack mode resumes transgranular at 3Hz, I000ppm.
Figure 57. Fractograph of Incoloy 908 specimen in 1000ppm oxygen at 650*C.
Crack mode is transgranular at 3Hz, intergranular at 0.5Hz, and transgranular at
1Hz. 94
Figure 58. Fractograph of Incoloy 908 specimen in 1000ppm oxygen at 650*C.
Crack mode is mixed at 0.2Hz and intergranular at 0.1Hz.
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Figure 59. Fractograph of Incoloy 908 specimen in 1000 ppm oxygen at
650*C. Crack mode is mixed at 0.2Hz, intergranular at 0.1Hz and
transgranular after the test was ended and fatigued to failure at room
C.2.2. Morphology
The location of the morphology images was pinpointed using a Carl Zeiss
microscope at 40X magnification. Again it should be noted that the points observed were
in a straight line along the crack path (i.e. on the surface) and therefore may only
represent approximate distances when considering the crack path across the entire
thickness of the specimen. One might expect that the values taken from the surface
would be less than DCPD measurements, on average, due to crack tunneling, i.e.
curvature of the crack front.
Figure 60 is a fractograph taken from the fatigue precrack region. Overall, the
morphology of the crack (the dark line) is smooth, indicative of transgranular crack
growth. The crack growth direction is right to left. In some cases, small cracks extend
below the surface, often along grain boundaries. The white band on top of the nickel
plating is due to the non-conductive mount.
Figure 61 was taken at 11.8mm from the center of the pinhole. The morphology
is still relatively smooth suggesting transgranular crack growth. This region corresponds
to lOppm at 1 or 2Hz. This figure is in contrast to Figure 62, taken at 12.4mm, which
shows the crack path growing around the grains. This jagged appearance is indicative of
intergranular cracking, and likely corresponds to 1 Oppm at 0.2Hz given its position from
the pinhole. The morphology appears to smooth out at the left of the figure,
corresponding to 42ppm at 2Hz.
Figure 63, taken at 12.7mm shows both jagged and smooth morphologies,
suggesting mixed modes of transgranular and intergranular cracking. This region likely
corresponds to Figure 55 and encompasses 42ppm at 0.5 and 0.3Hz.
Figure 64 was taken at approximately 13.9mm and shows two cracks which
penetrate into the surface of the specimen along grain boundaries. This may be a region
of intergranular cracking, and the actual distant does correspond to 42ppm at 0.1Hz, an
environment which indicated an augmented crack growth rate.
Again, Figure 65 indicates a combination of intergranular cracking (at center) and
transgranular cracking (at left). The fractograph was taken at approximately 14.3mm and
therefore corresponds to 1 00ppm at 0.1 or 0.5Hz transitioning into 1 00ppm at 2Hz.
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Figure 66 was taken at approximately 14.9mm and shows a smooth morphology
at the right, corresponding to 1 000ppm at 3Hz, followed by a rough patch in the center,
corresponding to 1 000ppm at 0.5Hz, followed by mostly a transgranular path,
corresponding to 1 000ppm at 1Hz. This figure continues into Figure 67, which mostly
consists of 1 000ppm at 1Hz. To the left of the figure there are a few intergranular cracks,
which may be the transition to 1 000ppm at 0.2Hz. This region occurs at approximately
15.5mm, which is consistent with DCPD data as well as the topographical image Figure
58.
The right portion of Figure 68, taken at approximately 15.7mm, shows some
intergranular cracking corresponding to 1000ppm at 0.2Hz. The left part of the figure
shows significant intergranular cracking, corresponding to 1 000ppm at 0.1Hz. This
region includes a long sub-surface crack approximately 130im in length. Figure 68
shows this region at a reduced magnification.
Figure 69, taken at 16.2mm shows the intergranular morphology, corresponding
to 1 000ppm at 0.1Hz, which transitions to the smooth transgranular morphology at
approximately 16.3mm, where the test was terminated and the crack was fatigued to
failure at room temperature.
Figure 60. Crack path morphology for Incoloy 908 specimen in precrack region.
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*Figure 61. Crack path morphology for Incoloy 908 specimen in 1 Oppm oxgygen, at either 1 or 2Hz.
Figure 62. Crack path morphology for Incoloy 908 specimen in I0ppm oxgygen, 0.2Hz at the right,
and 42ppm, 2Hz at far left.
Figure 63. Crack path morphology for Incoloy 908 specimen in 42ppm oxgygen, at either 0.5 or 0.3 Hz.
Mixed mode.
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4Figure 64. Crack path morphology for Incoloy 908 specimen in 42ppm oxygen at 0.1 Hz.
Figure 65. Crack path morphology for Incoloy 908 specimen in 100 ppm oxygen. Mode
is intergranular at middle, and transgranular at far left.
Figure 66. Crack path morphology for Incoloy 908 specimen in 1000ppm oxygen. 100
Figure 67. Crack path morphology for Incoloy 908 specimen in 1 000ppm oxygen at 1Hz.
Figure 68. Crack path morphology for Incoloy 908 specimen in 1000ppm oxygen at 0.1Hz.
Note intergranular crack.
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Figure 69. Crack path morphology for Incoloy 908 specimen in I000ppm oxygen at 0.1Hz.
Note intergranular crack. Reduced magnification.
Figure 70. Crack path morphology for Incoloy 908 specimen in 1000ppm oxygen at 0.1Hz,
which transitions to transgranular at left, signifying the end of the test.
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V. DISCUSSION
A. CRACK GROWTH RATES
The experimental results obtained during this study are consistent with other
nickel base superalloys in terms of high temperature fatigue behaviour and fatigue crack
growth rates. The fatigue crack growth rates collected in air at high temperatures were
greater than that at room temperature, as shown in Figure 45. There was a marked
frequency effect in both air and oxygenous environments, as shown in Figures 45-47. As
the frequency decreased there was a corresponding increase in crack growth rates. Also,
for a given frequency and AK, the crack growth rates increased with oxygen
concentration.
Figure 71 is a plot of crack growth rates versus oxygen concentration as a
function of frequency. From this plot, the frequency effects are readily apparent. For all
values of oxygen concentration, the crack growth rates increase with decreasing
frequency. Furthermore, the crack growth rates increase at low values of oxygen
concentration, but at some point level out. This is consistent with the three-regime
4,17,1
scenario shown in Figure 20.',19
The data in Figure 71 correspond to the transition between the regime where
crack growth is controlled by environmental damage at the crack tip, and the regime
where crack growth is controlled by local mechanical behaviour at the crack tip (the
upper plateau). Clearly more data needs to be collected here to carefully map out the
transition regions. The data collected in this study was only for concentrations down to
1 Oppm 02, whereas it has been shown that Inconel 718 and alloy N 18 transition from the
cycle-dependent regime to the environment-dependent regime at approximately
0.3ppm. 33
In the case of the data collected at 2Hz, knowing that the crack growth rates in air
are on the order of 40 x 10 5 mm/cycle, it seems that the crack path has not yet
transitioned into the environment-dependent regime. Therefore, according to Figure 20
the crack growth rate is governed by mechanical parameters, with a corresponding
selective oxidation of chromia.
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Figure 71. Crack growth rates of Incoloy 908 versus oxygen concentration for frequencies
0.1, 0.2, 0.5, 1 and 2Hz.
Therefore, from this data it is difficult to ascertain any definite numbers about
transition concentrations, but the data does confirm that a transition in occurring, and this
is due to different controlling phenomena at the crack tip.
B. FRACTOGRAPHY
The most striking feature concerning the fractography was the sudden transitions
from transgranular to intergranular fracture. For example, Figure 50 shows a sudden
change from transgranular in the precrack region to intergranular when the specimen was
cycled at 0.1Hz in Ippm oxygen. Given the low concentration of oxygen present, and the
sharp transition in morphology, it doesn't seem likely that the mechanism promoting
SAGBO is due to the cracking of an oxide. Presumably, a significant amount of time
would be required to develop an oxide scale.
Another marked transition occurred for 1 Oppm oxygen, when the frequency was
changed from 1Hz to 0.1Hz, as shown in Figure 53. What is interesting to note in this
case, is the intergranular cracking persisted for a short distance, and then gradually
transitioned back to transgranular cracking when the frequency was changed to 0.5Hz.
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This suggests that an embrittled zone was formed ahead of the crack, and the crack had to
grow through this region, regardless of the loading frequency. Therefore, one would
expect a sharp transition in the crack path when going from high frequency to low, and a
gradual transition when going from low frequency to high.
In Figure 57, when the specimen was cycled at 3Hz (1 000ppm)the crack path was
transgranular, and this changed to intergranular when the frequency was changed to
0.5Hz. The "ridge" effect that occurred with the I0ppm case wasn't as marked here, yet
there is a distinct zone of intergranular cracking. When the frequency was changed to
1Hz, the crack went back to a transgranular mode, but this transition did not appear
immediate.
In Figure 59, again there is a sharp transition from transgranular cracking at 0.2Hz
(I000ppm)to intergranular cracking at 0.1Hz, and back to transgranular cracking when
the specimen was fatigued to failure at room temperature. The transition back to
transgranular cracking was not as sharp as the transition to intergranular cracking.
More work should be done to better assess the frequency effects. One possible
technique is to first fatigue the sample in a low oxygen concentration at a high frequency
to ensure cycle-dependent damage. After allowing the crack to grow a considerable
length (on the order of 1mm) such that the region would be easily detected in a SEM, the
frequency should be changed to a very low frequency, where the crack-tip damage is
controlled by environment. After allowing the crack to grow a considerable length, the
frequency should be then switched back to the high value, to see how quickly the crack
can regain the transgranular cracking mode. If the transition is gradual, this supports the
formation of an embrittlement zone ahead of the crack tip. If the transition is sharp, this
supports a shorter-diffusion mechanism, such as the formation and subsequent cracking
of a grain boundary oxide.
C. MODELING OF FATIGUE BEHAVIOUR
When Achter's kinetic model, Equation 5,24,36,37 was compared to experimental
crack growth data at 1 000ppm oxygen (Figure 72), it was readily apparent that this model
is inadequate to account for the fatigue behaviour of Incoloy 908, especially at low
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Figure 72. Fatigue crack growth rates versus frequency at 1000ppm oxygen, compared to Achter model.
frequencies. This suggests that the consideration of kinetics alone is not enough to
account for SAGBO behaviour
The experimental results were in reasonable agreement with Zheng and Ghonem's
diffusion model, shown in Figure 25.3'41 They predicted that the transition frequency
from cycle-dependent damage at the crack tip to environment-dependent damage at the
crack tip occurred between 0.1 and 0.2Hz. For the case of 1 Oppm oxygen, intergranular
cracking occurred at 0.1Hz and then transitioned back to transgranular at 0.5Hz. At
higher oxygen concentrations, intergranular cracking was observed at frequencies higher
than 0.1 or 0.2Hz, but this may be due to the fact that the oxygen concentration was so
high that the crack tip damage could never be completely environment-independent.
To assess the validity of Gingell and King's hydrogen embrittlement model, given
in equation 19, the experimental crack growth data were plotted against frequency on a
log-log plot.30 According to the model, the gradient of the data should be -0.5. Figure 73
shows that the data agree reasonably well, with the slope for 1 Oppm oxygen being
-0.63 and the slope for I000ppm being -0.44.
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* 1000ppm, Achter model
A 1000ppm, experiment
These results, therefore, suggest that diffusion modeling, rather than kinetic
modeling is a more accurate means of predicting fatigue behaviour in Incoloy 908.
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Figure 73. Logarithm of fatigue crack growth rates
versus frequency for 10ppm and 100ppm oxygen data.
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VI. CONCLUSIONS
* The fatigue crack growth rates collected in air at 650*C for Incoloy 908 were greater
than those collected at room temperature.
" In both air and oxygenous environments, as the loading frequency was decreased,
there was a corresponding increase in crack growth rates.
" For a given frequency and AK value, crack growth rates increased with oxygen
concentration.
" At low frequencies, intergranular cracking occurred in all oxygen concentrations,
accompanied by enhancement in crack growth rates.
" At high frequencies, transgranular cracking occurred in 1, 10, 42, 100 and 1 000ppm
oxygen.
" For 1 ppm and 1 Oppm oxygen environments, when the loading frequency was reduced
to 0.1Hz, the crack mode immediately changed from transgranular to intergranular,
leaving a "ridge" effect.
" When the loading frequency was changed from low to high, the crack path
transitioned from intergranular cracking to transgranular cracking, effectively
"shutting off' SAGBO.
" For higher oxygen concentrations, when the frequency was reduced there was a
change from transgranular to intergranular crack modes, but the "ridge" effect was
absent.
" Diffusion models more adequately predict the high temperature fatigue behaviour of
Incoloy 908 than kinetic models.
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VII. FUTURE WORK
More high temperature fatigue data is required for Incoloy 908, in particular for
different values of AK, for a wider range of oxygen concentrations, and for different load
ratios. The effect of hold time on crack growth rates should also be investigated.
Additional studies should be done where oxygen concentrations and loading
frequencies are varied during test runs. The results of these studies should give more
insight into the causes of SAGBO.
Further alloy development should be done with the specific goal of attenuating
grain boundary oxygen diffusion.
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APPENDIX A: Programming
aDCPDPROGRAM-stand alone.vi
This vi (virtual instrument) collects voltage readings from the specimen and converts
them to crack lengths and K values. This program does not interface with the Instron.
This DCPD program, like any DCPD program, features the following list of basic
commands which must be sent to the HP 3852A Data Acquisition Unit:
CLR
SCRATCH RST
RQS ON
REAL VP(#readings), VN(#readings), V(#readings), P(#channels)
INTEGER M,N
DISP OFF
INDEX VP 0
INDEX VN 0
INDEX V 0
RQS 16
ENABLE DAC USE 200
APPLY DCV 200 5.0
USE 100
RST 100
SCANMODE ON
CONF DCV
RANGE 9
SPER .0001
ASCAN OFF
SCDELAY 0, .01
PRESCAN 1
POSTSCAN 199
CLWRITE 000-001
SCTRIG INT
XRDGS 100,100 INTO VP
APPLY DCV 200 0.0
APPLY DCV 201 5.0
CLWRITE 000-002
SCTRIG INT
XRDGS 100,100 INTO VN
APPLY DCV 201 0.0
DISABLE DAC USE 200
MAT V=VP+VN
Concerning the Data Acquisition Unit, first ensure that the multiplexer is in slot 0,
the voltmeter is in slot 1 and the DAC is in slot 3. In the front panel diagram, ensure that
the instrument locations are consistent with the slot numbers (bottom left corner of
III
panel), and that the DAC address is set to 9. This program is for 2 channels only. Ensure
the channel selection is consistent with the actual locations of the channel wires in the
multiplexer.
Under Timing, the pause time should be set to about 800msec, and the total
readings should be approximately 500 for low frequencies (-0. 1Hz) and 200 for higher
frequencies (-2Hz). Based on entered frequency and the number of readings, the
program calculates the required scan pace. The reference and specimen geometries
should be listed in inches in "Reference" and "Spec. Const." respectively. These values
are shown in Figure 36 or in ASTM E647-93.4 The loading values, i.e. set point,
amplitude and frequency should beentered such that they are the same as values entered
in the Instron (in lbf). These are used to calculate K (set point, amplitude) and establish
the timing of a load cycle (frequency). Crack correction is some value that must be
added on to the readings such that the calculated crack lengths agree with the visually
observed crack length. The power supply should be set to 10 volts and 4 amps.
To start the program, click the run arrow, and the user will be prompted for a data
file name. When the program is running, the voltages will alternately step between
values on the order of +1 and -1. For one set of measurements, the voltage plot will
display the total number of readings collected for the cycle (i.e. 200-500), and then it will
switch the current and repeat. These readings should be flat, i.e. stable. The numerical
values appear in "Output (in Volts)". Samp P and Samp N, for example should be
opposite in sign; if not there may be a current or probe lead problem. For each set of
voltage readings, a corresponding crack length and K value will be calculated and
displayed in the plots. The data file records cycle number from the Instron, crack length
and K values.
To safely shut down the program, click "Halt Program" and the program will
calculate one more crack length before shutting down. Avoid using the "Stop"
command, since this immediately halts all commands and does not bring the Data
Acquisition Unit to a graceful stop, nor does it shut down the current source from the
Power Supply.
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DaDNDCPD - Front Panel
This vi performs a constant AK fatigue test by dynamically changing the set point
and amplitude according to the measured crack length. This program has "bDCPD
PROGRAM-dadN.vi" incorporated it to calculate crack lengths.
Ensure the DCPD parameters and equipment are set the same as
"aDCPDPROGRAM-stand alone.vi". These can be set up by opening the subroutine
"bDCPD PROGRAM-dadN.vi". On the front panel of DaDNDCPD, enter the desired
values for: Kmax, AK, frequency, crack correction, data collection interval, comment and
reference specimen dimensions.
Click on the run arrow, and the program first resets the DCPD equipment and
then prompts for a file name. Then a panel opens, where specimen geometries, yield
strength and precrack length are entered. Click on the blinking icon, which then switches
back to the front panel where there is another blinking icon to click. Before clicking this
icon, ensure the set point and amplitude values are reasonable. If not, hit the stop button
in the tool bar.
The program then prompts the user to push the remote button on the Instron.
Then, load is raised to about 301b for a couple of seconds, and then it is raised to the set
point, where the travel limits are set. After holding here briefly, cycling is begun, and the
program begins collecting DCPD data after the requisite data collection interval has
passed. Then, crack length values are plotted in the a-N window; this is the most
important parameter to monitor during the test. The da/dN chart calculates crack growth
rates on the fly, but it calculates them point-to-point, therefore there is a lot of scatter.
The program can change K values on the fly, if the crack length exceeds a pre-
specified value. The current crack length value "wired in" is 0.2in. The loading
variables are then changed such that the value of K changes about 2ksiIin. The program
can change frequency on the fly, but it is not recommended, since the cycle timing can
not be guaranteed. If multiple frequency tests are being run, shut the program down each
time frequency is to be changed.
When shutting down, click on the continue button to bring the test to a stop in a
graceful manner, where it calculates a final crack length. This make take a few moments.
To stop immediately in a still-somewhat-graceful manner, click the "stop immediately"
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icon. This at least ensures that the equipment is properly shut down. While running the
test, do not click on the stop button in the tool bar.
If something goes wrong during the test, i.e. a travel limit is exceeded, the
program will automatically shut down, sometimes shutting the actuator off.
The data collected in the data file are crack length, Kmax, AK, set point, amplitude,
and number of cycles where the data was collected.
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APPENDIX B: Crack Growth Rate Data
The following plots are crack lengths versus cycles for tests in air and oxygen
environments at values of constant AK. The crack growth rate is calculated from the
slope of the plot.
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APPENDIX C: Trouble-Shooting Guide
The following is a trouble-shooting guide listing typical problems encountered in the
experimental setup.
Problem Solution
Program freezes
Voltage readings of I -0
Unstable voltage readings
-check for loose GPIB cables
-if a new piece of equipment was hooked
to the GPIB bus, the system may need to
be restarted
-restart if new drivers were installed
-if all else fails, shut down everything
and restart; this may have to be done
more than once
-data may be out of range; adjust range
command to HP3852A
-wires may be shorting or have fallen off
the specimen
-check amp/multiplexer for loose wires
-loose probe/lead wires
-retune Temperature Controller
Program won't run but hasn't -turn off HP3852A
"frozen up"
HP3852A does not show "Ready" -turn it off, remove all cards and cords
from the back; replace and turn on
LabVIEW gives message "Error 6" a piece of equipment is off (likely the
Instron)
LabVIEW gives error window -universal re-start
having to do with "8500 Command
or Query"
HP3852A beeps; gives poor voltage -if frequency is high (-21z), reduce the
data yet it keeps running number of readings (~200 readings)
-if frequency is low (-0. 1 Hz), increase
the number of readings (-500 readings)
HP3852A givens "SCDELAY -frequency may be set to zero, and it
ERROR" can't calculate the scan rate
Poor vacuum on retort -use sealing putty where the pull rods
pass through the bellows
-re-hook up cold cathode
-tighten swagelock fittings
-replace Teflon seals in top bellow
-replace o-rings in bellows
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